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Benzyl 2,2,2-trichloroacetimidate 5 g 
14,033-3 minimum 99% (titration) 25 g 

Benzyl alcohol ^1% 

R: 36/37/38 S: 26-36 



3-Ben2yl-6-trifluoromethyl-7-suIfamoyl-3,4-dihydro-2H- 
1,2,4-benzothiadiazme 1,1 -dioxide 

See: Bendrof lumethiazide Page 253 



Benzyltrlmethylammonlum 10 g 225.00 

B 5042 tetrachloroiodate 

m [121309-88-4] 
♦ C6H5CH2N(ICl4)(CH3)3 FW 419.0 

minimum 98% (titration) 

Ref.: Kajigaeshi, S.. et al.. Bull. Chem.'Soc. Japan 63, 941 
(1990) 

R: 34 S: 53-26-45-36/37/39 



i 



Benzyl viologen dichloride See: 1,1'-Dlbenzyl-4,4'-blpyridinium 
dichloride Page 661 



Benzyl Z-a-D-glucosaminide 25 mg 

B7000 [2862-10-4] C21H25NO7 FW403.4 
ro=c| 



1775 



N 
C 

CO 



Benzyl Z-^-D-glucosaminide 
B7125 [14531-02-3] C21H25NO7 
FW 403.4 



100 mg 29.25 



Bephenium hydroxynaphthoate 
B 5650 BenzyldimethyI(2-phenoxyethyl)amm- 
[htI onium 3-hydroxynaphthoate 

[3818-50-6] C28H29NO4 FW 443.5 



10 g 55.20 



BePI 1 nng 41.20 

B 741 7 3-Methoxy-7H-8-methyl- 
n^cl 1 1 -([3-aminopropyl]amino)ben2o{e)py- 

rido(4,3-b)indole 

C20H22N4O FW 334.4 

for molecular biology 

Selectively intercalates into.triple-helical DNA. 

DNase, RNase none detected 

Ref.: Mergny. J.L, et a!.. Triple helixTSpecific ligands. Science 

256. 1681-1684 (1992) 

R: 36/37/38 S: 26-36 



t, ! 



Bepridil hydrochloride 100 mg 77.40 

B 5016 1-lsobutoxy-2-pyrrolidino-3-(N- 
(btI benzyianilino)propane 

V [74764-40-2] C24H34N2O • HCl FW 403.0 

Non-selective calcium channel blocker; inhibits 
Na^-Ca^"^ exchange; inhibits growth of brain tumor 
cells in vitro. 

Ref.: 1. Kischel. P.. et at., Brit. I Pharmacol. 128, 757 (1999) 
2. Li. Y.. et al.. / Pharmacol. Exper. Therap. 291, 562 (1999) 



Berberine chloride 5g 17.75 

B 3251 Natural Yellow 18 10 g 30.25 

m [633-65-8] CI 75160 25 g 66.45 

C2oHi8N04CI FW 371.8 

Fluorescent stain for heparin in mast cells 

Ref.: 1. Berlin, G. and Enerback, L.. Agents andAaions 14. 

401 (1984) 

2. Oimlich. R.V.W., et al.. Stain Techno!. 55, 217 (1980) 
R: 20/21/22 S: 22-24/25 



Berberine hemisulf ate 10 g 40.85 

B 3412 Natural Yellow 18 
m [633-66-9] CI 75160 C20H18NO4 • 1/ 

2SO4 FW 384.4 

minimum 95% 

Multi-drug resistance pump (MDR) inhibitor in S. 
aureus. 

Fluorescent stain for heparin in mast cells 
Ref.: 1 . Stermitz. F.R., Synergy in a medicinal plant: 
Antimicrobial action of berberine potentiated by 
5'-methoxyhydnocarpin, a multidrug pump inhibitor Proc. Natl. 
Acad. Sci. USA 97. 1433 (2000) 

2. Berlin, G. and Enerback. L.. Agents andAaions 14, 401 
(1984) 

3. Dimlich, R.V.W., et al.. Stain Technol. 55. 217 (1980) 
R: 20/21/22 S: 36 



Berenil See: Diminazene aceturate Page 71 1 



Bergenin monohydrate 100 mg 17.95 

B 6776 [477-90-7] C14H16O9 - H2O Ig 92.75 
m FW 346.3 

R: 36/37/38 S: 26-36 



Beryllium atomic absorption 
20,698-9 standard solution 

[OTl R: 49-34-43-23/25-48/23 5:53-26-45-35/ 

37/39 



100 mL 19.35 



Beryllium oxide 
20,277-0 R: 49-25-26-43-48/23-51/53-35/37/38 
53-45-61 



2-yc I 



5g 41.30 
20 g 109.20 
100 g 432.15 



BES 



Useful pH range 6.4-7.8 



N,N-bis(2-Hydroxyethyl)taurine; N,N-Bis(2-hydrox- 
yethyl)-2-aminoethanesulfonic acid; BES 
[10191-18-1] CfiHisNOsS FW 213.3 

pKa(25°C) 7.1 

R: 3637/38 S: 26-36 



B 9879 minimum 99% (titration) 



25 g 18.15 
lOOg 58.70 
250 g 129.00 
1 kg 418.65 



B4554 minimum 99% (titration). Bio- 25 g 19.40 

technology Performance lOOg 62.65 

Certified, cell culture tested 500 g 268.30 

Endotoxin and bioburden tested 1kg 447.10 

DNase, RNase. protease none detected 

B 6420 minimum 99% (titration), 25 g 44.35 

m SigmaUltra 100 g 143.60 

Aluminum (Al) <0.0005% 

Ammonium (NH4) <0.05% 

Calcium (Ca) <0.0005% 

Copper (Cu) <0.0005% 

Iron(Fe) <0.0005% 

Lead (as Pb) <0.001% 

Magnesium (Mg) <0.0005% 

Potassium (K) <0.005% 

Sodium (Na) <0.005% 

Zinc(Zn) <0.0005% 

Chloride (as CI) <0.05% 

SO. <0.05% 

Insoluble matter <0. 1 % 

Phosphorus (P) <0.0005% 

Residue on ignition <0.2% 

A260. 1 M. water <0.095 

A280. 1 M. water <0.080 

Solubility 

water 1 M at 25 ^C, clear, colorless 



B 2891 BESs dium salt 25 g 26.70 

m N.N-Bis(2-hydroxyethyl)- 100 g 89.95 

2-aminoethanesulfonic acid sodium 500 g 354.35 

salt 

166992-27-6] CeHuNOsSNa FW 235.2 

pKa(25*C) 7-1 (Free acid) 

S: 22-24/25 
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HEPBS 25 g 119.30 

H6903 N-<2-Hydroxyethyl)piperazine- lOOg 331.30 

M N'-(4-butanesulfonic acid) 

1161308-36'7I C10H22N2O4S FW 266.4 
minimum 99% (titration) 
Homolog of HEPES and EPFS with higher pKa and 
similar utility in biological systems. 

pH range 7.6-9.0 

ptCa (25 *'C) 8.3 

Ref.: Thiel. T.. et al., / Biochem. Biophys, Meth. 37. 1 17 (1998) 
R: 36Q7/38 S: 26-36 

HePC See: Choline hexadecyl phosphate Page 512 

15(S)-HEPE See: 15(S)-Hydroxy-(5Z,8Z,llZ.13E.17Z>- 
eicosapentaenoic acid Page 1 102 

HEPES 

N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic 
acid); 4-(2-Hydroxyethyl)pipera2ine-1 -ethanesulfonic 
acid 

[7365-45-9] C8H18N2O4S FW 238.3 

Useful pH range 6.8-8.2 

pKa (25 ^'O 7.5 

H 3375 minimum 99.5% (titration) 25 g 21 .95 

m 5:22-24/25 100 g 49.85 

♦ 6x100g 245.15 

250 g 112.40 

500 g 182.75 

6 x 500g 831.95 

1 kg 301.90 

5 kg 1170.10 



H 4034 minimum 99.5% (titration), 25 g 24.00 
M Biotechnology Perfor- 100 g 53.35 

mance Certified 500 g 192.50 

Heavy metals (as Pb) . . . 55 ppm 6 x 500 g 871 .50 

Iron(Fe) <5 ppm 1 3 16.30 

A260. 0.1 M. water <0.05 

A280, 0.1 M. water <0.05 

S: 22-24/25 

H 7523 >99.5% (titration), pH 5.0-6.5 50 g 79.35 
m (20 °C), SigmaUltra 250 g 317.30 

Aluminum (Al) <0.0005% 

Arsenic (As) <0.0001% 

Barium (Ba) <0.0005% 

Bismuth (Bi) <0.0005% 

Cadmium (Cd) <0.a005% 

Calcium (Ca) <0.001% 

Chromium (Cr) <0.0005% 

Cobalt (Co) <0.0005% 

Copper (Cu) <0.0005% 

Iron(Fe) <0.0005% 

Lead (as Pb) <0.0005% 

Uthium(U) <0.0005% 

Magnesium (Mg) <0.0005% 

Manganese (Mn) <0.0005% 

Molybdenum (Mo) <0.0005% 

Nickel (Ni) <0.0005% 

Potassium (K) <0.005% 

Sodium (Na) <0.005% 

Strontium (Sr) <0.0005% 

Zinc(Zn) <0.0005% 

Chloride (as CI) <0.005% 

Insoluble matter passes filter test 

Residue on ignition <0. 1 % (as SO4) 

Loss on drying <1%, IIO^C 

A260. 1 M» water <0.045 

A2S0. 1 water <0.035 

SotubUity 

water 1 M at 20 "C. clear, colorless 

S: 22-24/25 

H 6147 ^99.5% (titrati n). Powder, 25 g 28.35 

Mi Embryo tested 100 g 85.05 

Useful pH range: 6.8 - 8.2 500 g 299. 1 5 

Heavy metals (as Pb) ^5 ppm 

A290.1-5 M S0.05 

pKa (25 "O 7.5 

S: 22-24/25 



H 088 7 

1 2-yc I 



H 9897 



H 7637 



H 0527 



H 7006 



HEPES solution ^Wf 20 ml 12.85 

HEPES 100 mL 38.45 

[7365-45-9] 

1 M, pH 7.0-7.6, cell culture tested 

Prepared from HEPES free acid and cell culture grade 
water. 

sterile-filtered 

Endotoxin tested 

5: 22-24/25 

HEPES hemisodium salt 

N-(2-Hydroxyethyl)pipera2ine-N'-(2-ethanesulfonic 
acid); 4-(2-Hydroxyethyl)piperazine-1 -ethanesulfonic 
acid hemisodium salt 

[103404-87-1] C,6H35N4Na08S2 FW 498.6 
S: 22-24/25 



10 packets 101.25 
5x10 packets 404.70 



Dry powder 

foil pouches 

Contents of each pouch 
dissolved in 1 liter deionized water wll) yield 0. 1 M 
sodium HEPES buffer, pH 7.5 at 25''C. 



minimum 99.5% (titration) 



25 g 
100 g 



23.40 
57.00 



HEPES potassium salt 25 g 24.95 

N-(2-Hydroxyethyl)piperazine- 100 g 61.20 

N'-(2-ethanesulfonic acid); 250 g 14270 

4-(2-Hydroxyethyl)piperazine- 
1 -ethanesulfonic acid potassium salt 
[82207-62-3] C8H17N2O4SK FW 276.4 
minimum 99.5% (titration) 
S: 24/25 

HEPES sodium salt 

N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic 
acid); 4-(2-Hydroxyethyl)piperazine- 1 -ethanesulfonic 
acid sodium salt 

[75277-39-3] C8Hi7N204SNa FW 260.3 

Useful pH range 6.8-8.2 

pKa (25 7.5 

S: 22-24/25 

minimum 99.5% (titration) 25 g 22.55 

100 g 58.00 
500 g 206.75 
1 kg 382.80 



H 3784 minimum 99.5% (titration). Bio- 25 g 25.40 
@ technology Performance 100 g 66.45 

Certified, cell culture tested 500 g 243. 1 5 

Heavy metals (as Pb) S5 ppm 1 kg 438. 1 5 

Iron (Fe) <5 ppm 

Endotoxin and bioburden tested 

DNase. RNase. protease none detected 

A260. 0.1 M. water <0-05 

A280. 0.1 M, water <0-05 

H 8651 minimum 99.5% (titration), 25 g 44.55 

m SigmaUltra 100 g 104.90 

Aluminum (Al) <0.0005% 500 g 365.60 

Ammonium (NH4) <0.05% 

Calcium (Ca) <0.0005% 

Copper (Cu) <0.0005% 

tron(Fe) <0.Q005% 

Lead (as Pb) <0.001% 

Magnesium (Mg) <0.0005% 

Potassium (K) <0.005% 

Zinc(2n) <0.0005% 

Chloride (as CI) <0.05% 

SO4 <0.05% 

Insoluble matter <0.1% 

Phosphorus (P) <0.005% 

A260, 1 M, water <0.2 

A280. 1 M. water <0.2 

pH 10.0-12.0 (20 ''C. 1 M in water) 

SoiubiUty 

water 1 M at 20 °C. dear, colorless 



Larger quantities available through Sigma-Aldrich Fine Chemicals - see page 16. 
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(Continuation of) 

M OPSO 

M 8389 3-(N-Morpholino)- 25 g 24.45 

S 2-hydroxypropanesulfonic acid; lOOg 55.80 

3-Morpholino- 250 g 132.25 

2- hydroxypropanesulfonic acid 500 g 215.10 
168399-77-9] C7H15NO5S 

FW 225.3 

minimum 99% (titration) 

pH range 6.2-7.6 

pKa (25 6.9 

R: 36/37/38 S: 26-36 

MOPSO sodium salt 

3- (N-Morpholino)-2-hydroxypropanesulfonic acid; 
3-Morpholino-2-hydroxypropanesulfonicacid sodium 
salt 

179803-73-9] C7H,4N05SNa FW 247.2 

Useful pH range 6.2-7.6 

pKa (25 *C) 6.9 

M 8767 minimum 99% (titration) 25 g 26.20 

m lOOg 59.85 

250 g 141.55 
500 g 230.30 

M 5914 minimum 99% (titration), pH 25 g 48.60 

® 10.0-12.0 (20 °C), SigmaUltra 100 g 107.50 

Aluminum (Al) <0.0005% 250 g 258.65 

Ammonium (NH4) <0.05% 

Calcium (Ca) <0.0005% 

Copper (Cu) <0.0005% 

Iron (Fe) <0.0005% 

Lead (as Pb) <0.001% 

Magnesium (Mg) <0.0005% 

Potassium (K) <0.005 

2inc{2n) <0.0005% 

Chloride (as CI) <0.05% 

Insoluble matter <0.1% 

Phosphorus (P) <0.005% 

A280. 1 M. water <0.05 

Solubility 

water 1 M at 20 "C, clear, colorless 

Morantel 

R: 20/21/22 S: 36 

M 5404 Morantel citrate salt 5 g 33.95 

@ 1 ,4,5,6-Tetrahydro-1 -methyl- 

2-(2-[3-methyl-2-thienyl]ethenyl)pyrimidine 
169525-81-1] Ci2H^6N2S - CeHsO? FW 412.5 

M 5529 Morantel tartrate salt 25 g 115.20 

® 1 ,4,5,6-Tetrahydro- 1 -methyl- 

2-(2-[3-methyl-2-thienyl]ethenyl)pyrimidtne 

Morantel tartrate monohydrate 
[26155-31-7] C,2Hi6N2S • C^HsOs FW 370.4 

Mordant Black 1 1 See: Eriochrome Black T Page 794 

Mordant blue 1 See: Chromeazurol 8 Page 518 

Mordant Blue 14 See: Celestine blue Page 437 

Mordant Blue 29 See: Chromeazurol S Page 518 

Mordant Red 5 See: Anthracene Chrome Red A Page 190 

Mordant Violet 25 See: Gallein Page 917 

Morin 2 g 12.55 

M 4008 2',3,4',5,7-Pentahydroxyflavone 5 g 24.20 

m 1480-16-0] C15H10O7 FW 302.2 10 g 39.00 

Powder 

A flavonoid with anti-oxidant properties. Shown to 
protect cells against the oxygen radical damage. It 
not only scavenges oxyradicals, but also moderately 
inhibits xanthine oxidase, a free-radical generating 
enzyme. At concentrations of 75-100 micromolar, it 
inhibits oxidation of low density lipoprotein (LDL) by 
free radicals or Cu^*. Reported to inhibit rat brain 
phosphatidylinositolphosphate kinase activity in vitro 
and in vivo. 

Color yellow 

1440 ♦ Shipping information - page 6. 



Solubility 

aqueous base soluble 

ethanol SOmg/mL 

Ref .: 1 . Wu. T.W., et al.. Molecular properties and myocardial 
salvage effects of morin hydrate. Biochem. Pharmacol 49, 537- 
543(1995) 

2. Cheng, C.H., In vitro and in vivo inhibitory artions of morin 
on rat brain phosphatidylinositolphosphate kinase aaivity Life 
Scl 61, 2035-2047 (1997) 

3. Wu, T.W., et al., Morin hydrate inhibits azo-initiator induced 
oxidation of human low density lipoprotein. Life Sci. 58, PL17- 
PL22{1996) 

4. Wu, T.W., et al., Antioxidation of human low density 
lipoprotein by morin hydrate. Life Sci. 57, PL51-PL56 (1995) 

5. Zeng, L.H., et al., Morin hydrate protects cultured rat 
glomerular mesangial cells against oxyradical damage. Life Sci. 
55. PL351-PL357 (1994) 

6. Zeng, L.H., et al., Comparative protection against oxyradicals 
by three flavonoids on cultured endothelial cells Biochem. Cell 
Biol. 75, 717-720 (1997) 

R: 36/37/38 5:26-36 



Morphlceptin hydrochloride See: Opioid Peptides Page 1566 



(+)-9a,13a,14a-Morphinan-3ol See: (±)-3- Hydroxy morphinan 
Page 1110 



Morphine sulfate salt 



M 9524 [64-31-3] 1 mL 32.50 

r=o=c1 1.0 mg/mL (w/v)±5% in methanol 



M 8777 Morphine pentahydrate 25 mg 21.10 

M\ Morphine hemi[sulfate 50 mg 37.25 

♦ pentahydrate] ^ 250 mg 145.50 

[6211-15-0] C34H40N2O10S • 

5H2O FW 758.8 

Narcotic analgesic; prototypic p-agonist; also agonist 

at K-receptors. 

Solubility 

ethanol 1 .8 mg/mL 

water 64 mg/mL 

DEA Schedule II; see p. 17. 
Ref.: 1 . Katsumata, S., et al., Pharmacological study of 
dihydroetorphine in cloned mu-delta- and kappa-opioid 
receptors Eur J. PharmacoL 291, 367-373 (1995) 

2. Martin, G., et al., Chronic morphine treatment alters NMDA 
receptor- mediated synaptic transmission in the nucleus 
accumbens. / Neurosci. 19, 9081-9089 (1999) 

3. Stanasila, L., et al.. Coupling efficacy and selectivity of the 
human mu-opioid receptor expressed as receptor-Galpha 
fusion proteins in Escherichia coWJ. Neurochem. 75. 11 90-1 199 
(2000) 

4. Napier, L.D., et al.. Canine cardiac muscarinic receptorsG 
proteinsand adenylate cyclase after long-term morphine / 
Pharmacol. Exper Therap. 291, 725-732 (1999) 

R: 22 S: 22-36 



Morphine-d^ hydrochloride 

R: 26/27/28 S: 53-22-45-36/37/39 



M 3402 Morphine-dj trihydrate 5 mg 404.10 

S 7,8-Didehydro-4,5-epoxy-1 7-(methyl- 

d3 )morphinan-3,6-diol 

CiyHieDgNOg ■ HCI • 3H2O FW 378.9 

98 atom % D 

DEA Schedule II; see p. 17. 



M 6380 Morphine-dj solution 
r=o=cl 100 pg/mL 



1 mL 57.25 



Morphine 3-ethyl ether See: Ethylmorphine Page 817 



Morphine 3-p-D-glucuronide solution 
M 426 6 1.0 mg/mL (w/v)±5% in methanol 1 mL 32.50 
♦ R: 23/25-36/38 S: 53-7-16-24-33-45 



• How to use this catalog - page 2. 



Pipertdine 

P 5881 Hexahydropyridine 

m [llO-Sg^l CsHnN 

♦ FW 85.15 

minimum 99.0% (GC) 

Density 0.86 g/mL 

R: 11-34-23/24 S: 53-16-26-27-45 



100 mL 13.40 

250 mL 30.85 

500 mL 36.40 

6x 500mL 195.90 

1 L 68.80 



($>-Piperidine-2-carboxylic add See: L-Pipecolic acid Page 1698 



L-2-Ptperidinecarboxy1ic acid See: L-Pipecolic acid Page 1698 



(±)-Piperidine-2-carboxylic acid See: DL-Pipecolinic acid 
Page 1698 



3-Piperidinecarfaoxylic acid See: (±)-Nipecotic acid Page 1514 



ci5-2,3-Piperidinedicarboxylic acid 25 mg 39.45 
P8782 [46026-75-9} C7H11NO4 250 mg 219.05 

NMDA receptor agonist at the glutamate recognition 
site. 

Ref.: 1. Collingridge, et al., Excitatory amino acid receptors in 
the vertebrate central nervous system Pharmacol. Rev, 40. 1 43 
(1989) 

2. Priestley, T., and Kemp. J. A., Kinetic study of the interactions 
between the glutamate and glycine recognition sites on the N- 
methyl-D-aspartic acid receptor complex Mot. Pharmacol. 46, 
1191-1196(1994) 

3. Crewther, et al., Changes in eye growth produced by drugs 
which affect retinal ON or OFF responses to light. J. Ocul. 
Pharmacol. Jher.. 12, 193(1996) 

4. Hansen, et al., Strurtural, conformational, and stereoche- 
mical requirements of central excitatory amino acid receptors 
Ed. Res. Rev. 10. 55 (1990) 

5. Neal, et al.. Selective release of nitric oxide from retinal 
amacrine and bipolar cells Invest. Ophthalmol. Vis. Sci. 39, 850 
(1998) 



Piperidine-4-sulfonic acid 25 mg 43.40 

P9159 P4S 250 mg 306.15 

@ [72450-62-51 CsHnNOaS 

FW 165.2 

GABAa agonist 

Ref.: 1. Galvez-Ruano, et al.. Identifying agonistic and 
antagonistic mechanisms operative at the GABA receptor. / 
Neurosci. Res. 42, 666 (1995) 

2. Helen, et al.. Muscimol-scopolamine interactions in the rat 
brain: A study with 2-deoxy-D-(l-14 CIglucose. / Neurosci. 4. 
1405(1984) 

3. Krogsgaard. L., et al., J. Neurochem. 34, 756 (1980) 

4. Merck Index 12th ed., 



Piperidinic acid See: y-Aminobutyric acid Page 136 



3-(1-Pipertdinyf)-1,2-propanediol bis(phenylcarbamate) 

See: DIperodon Page 720 



3-(2-Piperidinyl)pyrtdine See: (±)-Anabasine Page 180 



6-(1-Piperidinyl)pyrimidlne-2,4-diamine 3-oxide See: Minoxidil 
Page 1411 



N-(2-Piperidytmethyl>-2,5-b/5-(2.2,2-trif1uoroethoxy)benza- 
mide See: Flecaintde Page 863 



Piperine 1 g 8.35 

P4.900-7 CiyHigNOB FW 285.3 5 g 21.85 

& Assay approx. 97% 25 g 92 15 

R: 22 S: 22-24/25 



Piperlongumine 100 mg 24.45 

P 8588 from long pepper 500 mg 97.30 

(El 5,6-Dihydro-1-(1-oxo-3-[3,4,5-tri- 

methoxyphenyl]-trans-2-propenyt)-2[ 1 Hj-pyridinone 
[20069-09-4] CnHigNOs FW 317.3 
long pepper 



PIPES 

Useful pH range 6.1-7.5 

pKa (25 ''O 6.8 



Piperazine-N,N'-bis(2-ethanesulfonic acid); 1,4-Piper- 
azinediethanesulfonic acid; Piperazine- 
1 ,4-bis(2-ethanesuIfonic acid) 
[5625-37-6] C8H18N2O6S2 FW 302.4 
S: 22-24/25 



P 6757 
(ml 



minimum 99% (f 



[ion) 



P7643 



P 3768 



P 8655 



P2949 



25 g 
100 g 
6 X 100 g 
500 g 
1 kg 



25,05 
70.30 
336.25 
253.30 
476.15 



P 1851 minimum 99.5% (titration), 25 g 28.60 

E Biotechnology Performance 100 g 79.25 

Certified, cell culture tested 500 g 284.85 

Heavy metals (as Pb) ^5 ppm 1kg 509.30 

Endotoxin and bioburden . . . tested 

DNase. RNase. protease none deteaed 

P 8203 minimum 99% (titration), 50 g 81 .90 

(otI SigmaUltra 250 g 312.90 

Aluminum (Al) <0.005% 

Barium (Ba) <0.0005% 

Bismuth (Si) <0.0005% 

Cadmium (Cd) <0.0005% 

Calcium (Ca) <0.005% 

Chromium (Cr) <0.0005% 

Cobalt (Co) <0.0005% 

Copper (Cu) <0.0005% 

Iron(Fe) <0.0005% 

Lead (as Pb) <0.0005% 

Lithium (Li) <0.0005% 

Magnesium (Mg) <0.0005% 

Manganese (Mn) <0.0005% 

Molybdenum (Mo) <0.0005% 

Nickel (Ni) <0.0005% 

Potassium (K) <0.005% 

Sodium (Na) <0. 1 % 

Strontium (Sr) <0.0005% 

Zinc(Zn) <0.0005% 

Chloride (as CI) ^0.2% 

Insoluble matter passes filter test 

Residue on ignition <0.5% (as SO4) 

Loss on drying <0.5%. llCC 

A260. 0.5 M, 1 N NaOH <0.1 

A280. 0.5 M, 1 N NaOH <0.1 

SotubHity 

1 N NaOH 0.5 M at 20 "C. clear, colorless 



26.25 
72.80 
271.75 
499.15 



PIPES dipotassium salt 25 g 

Piperazine-N,N'-bis(2-ethanesul- 100 g 
fonic acid); 500 g 

1,4-Piperazinediethanesulfonic 1 kg 
acid; Piperazine-1 ,4-bis(2-ethane- 
sulfonic acid) dipotassium salt 
[108321-27-3] CsHigNzOeSjKj FW 378.6 
minimum 99% (titration) 



PIPES disodium salt 25 g 26.25 

Pipera2ine-N.N'-bis(2-ethanesul- lOOg 72.80 

fonic acid); 250 g 163.90 

1,4-Piperazlnediethanesulfonic 500 g 271.75 

acid; Pipera2ine-1,4-bis(2-ethane- 1 kg 499.15 
sulfonic acid) disodium salt 

[76836-02-7] CgHieNaOeSzNaz FW 346.3 
minimum 99% (titration) 
S; 22-24/25 



24.15 
66.90 
264.95 
459.25 



PIPES sesquisodium salt 25 g 

Piperazine-N,N'-bis(2-ethanesulfo- 100 g 
nic acid); 500 g 

1.4-Plperazinediethanesulfonic acid; 1 kg 
Piperazine- 1 ,4-bis(2-ethanesulfonlc 
acid) sesquisodium salt 
[100037-69-2] CsHisNjOeSj FW 670.7 
minimum 99% (titration) 
S: 22-24/25 



PIPES sodium salt 25 g 23.10 

Piperazine-N,N'-bis(2-ethanesulfonic 1 00 g 64.05 

acid); 1,4-Piperazinediethanesulfonic 500 g 239.30 
acid 

[W010-67-0] CsHiyNjOfiSaNa FW 324.4 
minimum 99% (titration) 



Larger quantities available through Sigma-Aldrich Fine Chemicals - see page 16. 
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Terrific Broth, i 

Page 1405 



rfified EZMix™ Powder See: Media for E.coli 



a-Terthienyl See; 2,2':5',2"-Terthiophene Page 2008 



2,2':5',2"-Terthiophene 1 00 mg 18.15 

T 5406 a-Terthienyl; 2,5-Di(2-thienyl)thio- 250 mg 36.30 
S phene 

11081-34-1] C12H8S3 FW 248.4 

Natural product occurring in marigold which shows 

UV-enhanced antibiotic activity. 

Ref.: Arora, S.K., Tetrahedron Lett. 24, 4043 (1983) 

S: 22-24/25 



4B> Tertiapin 500 jig 322.30 

T 8316 H-Ala-Leu-Cys-Asn-Cys-Asn-Arg-Ile- 

lle-Ile-Pro-His-Met-Cys-Trp-Lys-Lys- 

Cys-Gly-Lys-Lys-NHj 

C106H176N34O23S5 FW 2455 

>95% 

A potent inhibitor of the inward-rectifier K+ channels, 
blcoked a G-proteln-gated channel (GIRK1/4) and the 
R0MK1 channel with nonomolar affinities, however a 
closely related channel, IRK1, was insensitive to 
tertiapin. Thus, tertiapin will be a powerful ligand for 
purifying functional channels as well as for screening 
pharmaceutical agents against these channels. 
Ref.: Jin, W. and Lu, Z., Biochemistry 37. 13291 (1998) 



[Gln"j-Tertiapin See: Tertiaptn-Q Page 2008 



4SS» Tertiapin-Q trifluoroacetate salt 500 ^ig 333.70 
T 1567 Ala-Leu-Cys-Asn-Cys-Asn-Arg-lle- 
lle-Jle-Pro-His-Gln-Cys-Trp-Lys-Lys- 
Cys-Gly-Lys-Lys-NHj (Disulfide bridges 3-14. 5-18] 
[Gln'^J-Tertlapin; TPNq 
Ci06Hi75N35O24S4 FW 2452 
minimum 97% (HPLC) 

Blocks the GIRK1/4 and R0MK1 members of the 
inward-rectifier channel family. 
Non-air oxidizable tertiapin derivative. 
Ref.: 1. Jin, W.. et al.. Synthesis of a Stable Form of Tertiapin: A 
High-Affinity Inhibitor for Inward-Reaifier Channels Bio- 
chemistry 3B, 14286-14293 (1999) 

2. Jin, W., et al., A Novel High- Affinity Inhibitor for Inward- 
Rectifier K"" Channels 5/oc/)em/5f/y 37, 13291-13299 (1998) 

3. Jin. W.. et at.. Mechanisms of Inward-Reaifier channel 
Inhibition by Tertiapin-Q Biochemistry 38, 14294-14301 (1999) 



TES 



Useful pH range 6 8-8 2 

pKa (25 °C) 7.5 



2-[(2-Hydroxy-1 , 1 -bis[hydroxymethyllethyl)ami- 
nojethanesulfonic acid; 

N-(Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic 
acid; TES 

[7365-44-8] CeHisNOeS FW 229.3 
S: 22-24/25 



T 1375 



minimum 99% (titration) 



25 g 
100 g 
500 g 
1 kg 
5 kg 



23.30 
64.40 
269.65 
412.85 
1709.80 



T 5691 minimum 99% (titration). Bio- 25 g 29.55 
M technology Performance lOOg 80.45 

Certified, cell culture tested 500 g 318.50 

Heavy metals (as Pb) sS ppm 

Endotoxin and bloburden tested 

DNase, RNase, protease none detected 



T 6541 >99:5% (titration), SigmaUltra 5 g 22.45 

|ot| Aluminum (Al) <0.0005% 25 q 74 05 

Arsenic (As) <0,0001% ^no „ 9m cc 

Barium (Ba) <0.0005% ^ ^^^ ^^ 

Bismuth (Bi) <0.0005% 

Cadmium (Cd) <0.0005% 

Calcium (Ca) <0.001% 

Chromium (Cr) <0.0005% 

Cobalt (Co) <0.0005% 

Copper (Cu) <0.0005% 

Iron(Fe) <0.0005% 

Lead (as Pb) <0.0005% 

Lithium (Li) <0.0005% 

Magnesium (Mg) <0.CK)05% 

Manganese (Mn) <0.0005% 

Molybdenum (Mo) <0.0005% 

Nickel (Ni) <0.0005% 

Potassium (K) <0.02% 

Sodium (Na) <o.oi % 

Strontium (Sr) <0.0005% 

Zinc (Zn) <0.0005% 

Chloride (as CI) <0.005% 

Sulfate (SO4) <0.005% 

Insoluble matter passes filter test 

Residue on ignition <0.1 % (as SO4) 

Loss on drying <1%, lICC 

A260. 1 M, water <0.055 

A280. 1 M, water <0.045 

pH 3.5-5.0 (20 ^'C, 1 M in water) 

Soiubility 

water 1 M at 20 °C. clear, colorless 

T 1030 TES hemisodlum salt 100 g 183.50 

® N-tris-(Hydroxynnethyl)nnethyl- 

2-aminoethanesulfonic acid; 2-[(2-Hydroxy- 
1 , 1 -bis[hydroxymethyl]ethyl)amino]ethanesulfonic 
acid 

T 0772 TES sodium salt 25 g 27.85 
S 2-[(2-Hydroxy-1,1-bis[hydroxymethy- 100 g 74.95 
l]ethyl)amino)ethanesulfonic acid; 500 g 327.20 
N-[Tris(hydroxynnethyl)methyl]- 
2-aminoethanesulfonic acid sodium salt 
[70331-82-7] CfiHMNOeSNa FW 251.2 



Testes acetone powder 
T 4892 from rat 



1 g 109.10 



Testosterone 

trans-Testosterone; 1 7p-Hydroxy-3-oxo- 
4-androstene; 1 7p-Hydroxy-4-androsten-3-one; 
4-Androsten-1 7p-ol-3-one 
[58-22-0] C19H28O2 FW 288.4 

T 1500 Testosterone secreted by the testis is 1 g 9.20 
M converted to dihydrotestosterone in 5 g 31.70 
the target tissues where it appears to 25 g 106.00 
mediate many of the biological actions 
of testosterone. Androgens direct the development 
of the male phenotype during embryogenesis and at 
puberty. 

DEA Schedule III; see p. 17. 
Ref.: 1. Mainwaring W.I.P., The mechanism of action of 
androgens Monogr. Er^docrmol 10. 1-178 (1977) 
2. Rosenfield, R. L., Adv. Pediatrics 19, 172 (1972) 
R: 45-61 S: 53-22-45-36/37/39 



T5411 



1.0 mg/mL (w/v)±2% in 1,2- 
dimethoxyethane 

R: 10-19-20 S: 24/25 



1 mL 44.65 



Testosterone-d 3 solution 
T 5536 [77546-39-5] 

nominal 100 ^ig/mL in 1,2- 
dimethoxyethane 

R: 45-61-20/21/22 S: 53-22-45-36^7/39 



1 mL 57.25 
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A new multiphasic buffer system for sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis of proteins 
and peptides with molecular masses 100000—1000, 
and their detection with picomolar sensitivity 

A novel multiphasic buffer system for high resolution sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis of dansylated and nondansylated proteins/ 
peptides in the relative molecular mass (M,) range of 100000-1000 is described. 
The system, based on Jovin's theory of multiphasic zone electrophoresis [1-3], al- 
lows complete stacking and destacking of proteins/peptides within the above M, 
range. The buffer system uses Bicine and sulfate as trailing and leading ion, respec- 
tively, and Bistris and Tris as counter ions in the stacking and separating phase, re- 
spectively. Through selection of two different counter ions -the characteristic fea- 
ture of the present ionic system -the stacking limits of a multiphasic buffer sys- 
tem can be further widened, thus making it applicable to gel electrophoresis of a 
larger spectrum of rapidly migrating species, such as sodium dodecyl sulfate-pro- 
teins/peptides and nucleic acids, than has been possible previously. Highly sensi- 
tive detection methods for proteins as well as for polypeptides down to approxi- 
mately 1000 are described. Dansylated proteins/peptides were detected by 
their fluorescence either directly within the gel or following electroblotting into 
anion-exchange orpolyvinylidenedifluoride membranes. The latter procedure re- 
sulted in detection sensitivities of approximately 1 ng. Nondansylated proteins/ 
peptides were either detected within the gel by colloidal Coomassie staining or by 
electroblotting into polyvinylidene difluoride membranes, followed by colloidal 
gold staining. Prior to both staining procedures the proteins/peptides were pre- 
treated with glutardialdehyde in the presence of borate at near neutral pH values 
to generate protein/peptide polymers of poor solubility. For a given pH the effi- 
ciency of the latter procedure was significantly influenced by the nature of the buf- 
fer ion used in the fixation buffer. In contrast to conventional fixation procedures 
even small polypeptides {M, 1000) were immobilized and approximately 15 ng 
and 0.75 ng could be detected after colloidal Coomassie and colloidal gold stain- 
ing, respectively. 



1 Introduction 



The purpose of the present study was to set up a discontinu- 
ous sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) system yielding high resolution in 
the separation of proteins/peptides in the M, 100000-1000 
range. High-resolution SDS-PAGE separation of proteins/ 
peptides may be obtained by electrophoretic concentration 
of the sample components within an ultrathin starting zone 
(stacking) prior to separation. This can be achieved by plac- 
ing the electrophoretic net mobilities of the sample compo- 
nents intermediately between those of the leading- and 
trailing ions of a discontinuous buffer system. Thus the 
complexes of anionic detergent (SDS) and proteins/pep- 
tides are trapped in an ultrathin moving boundary, which is 



Correspondence: Dr. J. Wiltfang, Max-Planck-!nsiitut fur experimenlelle 
Medizin, Hermann-Rein-Str. 3, DW-3400 GoUingen 

Abbreviations: AMPS, ammonium peroxydisulfaie; Bicine, /V,/V-bis(2- 
hydroxyeihyD-glycine; Bis, iV./V-meihylenebisacryiamide; Bistris, bis(2- 
hydroxyethyI)iminotris-(hydroxymeihyI)-methane: BPB, Bromophenol 
Blue; CBB, Coomassie Brilliant Blue; dansyl chloride, l-dimeihylamino- 
5-naphthaienesulfonyl chloride: A/,, relative molecular mass: PBS. phos- 
phate bufTered saiine; %C. proportion ofcross-linking reagent (Bis) per 
gel total monomer content in g per 100 g; OT, total monomer concentra- 
tion (acrylamide + Bis) in g per 100 mL: PVDF, polyvinylidene difluoride: 
SDS-PAGE. sodium dodecyl sulfate-polyacrylamide gel electrophoresis: 
TCA, trichloroacetic acid: TEMED, ^V./V./^.A^-ieirameihyleihylenedi- 
amine; Tris, 2-amino-2(hydroxymethyl)-l.3-propanediol 



governed by the regulating function for weak electrolytes 
[1, 4, 5]. Complete liberation of sample components (de- 
stacking) within the separation gel demands a trailing ion 
net mobility faster than that of the smallest peptide to be 
studied. This can be achieved by introducing discontinuity 
with regard to pH and/or polyacrylamide pore size between 
stacking and separating gel. Discontinuous buffer systems 
for PAGE were introduced by Ornstein [6] and Davies [7], 
and Ornstein gave a theoretical treatment of "disc" electro- 
phoresis [6]. Note that in this context the terms "discontinu- 
ous electrophoresis" and "moving boundary electrophore- 
sis" are synonyms, as well as the terms "discontinuous buf- 
fer systems" and "multiphasic buffer systems" [8, 9]. 

However, ionic systems commonly applied in the separa- 
tion of small polypeptides by SDS-PAG E often do not pro- 
vide stacking, such as the method of Swank and Munkres 
[10], or the stacking is of non-steady state and the trailing 
ion net mobility is too fast to provide effective stacking over 
the complete M, range of interest, such as the ionic system 
proposed by Anderson etal. [1 1]. In this respect superior re- 
sults are obtained by the multiphasic buffer system of Kyle 
and Rodriguez [12], who applied 2-morpholinoethanesul- 
fonic acid as trailing ion, or the Tricine/Tris SDS-PAG E sys- 
tem of Schagger and von Jagow [13]. In this paper we de- 
scribe a new multiphasic buffer system which allows com- 
plete stacking and destacking of proteins as well as peptides 
in the A/, 100000-1000 range. The system is based on Jo- 
vin's theory of multiphasic zone electrophoresis [1—3]. 
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/Vnoihcr problem concerns ihe deieciing ofsmall polypep- 
lidcs in polyacrylamidc gels. These peptides are not precipi- 
uiied bv sirong acids and/or alcohols and arc often lost 
prior to staining. To overcome this problem, separated pro- 
leins/pepiidcs mav be insolubili/.ed in the gel with formal- 
dehyde [14, 15] or gluiardialdehyde [16). In the present 
studv, preireatment of polyacrylamidc gels with glutardial- 
dehvde at near-neutral pH in the presence of borate was 
preferred. Using a recently described colloidal Coomassie 
Slain ( 1 7], small polypeptides pretreated in this way may be 
detected in the lower picomolar range after only 90 mm of 
staining. Due to the colloidal staining principle applied [18], 
a clear background is obtained without any destaining. Al- 
ternatively, small polypeptides may be labeled prior to elec- 
trophoresis bv fluorescent markers such as fluorescamine 
[19], o-phthai'dialdehyde [20], fluorescein isothiocyanate 
[21]! or dansyl chloride [22-24]. In this study dansyl chlo- 
ride was selected because it yields covalent binding - not 
only to primary but also to secondary amino groups - as 
well as stable reaction products, and high detection sensi- 
tivity. An increase in detection sensitivity for dansylaled 
proteins/peptides may be obtained by electroblolting the 
compounds into polyvinylidene difluoride (PVDF) or 
anion-exchange membranes after electrophoretic separa- 
tion [25]. Nondansylated proteins/peptides may also be de- 
tected bv electroblotting the compounds into PVDF mem- 
branes, followed by //; 5/7w dansylation or glutardialdehyde 
fixation and Auro dye forte staining [26]. 



2 Materials and methods 
2.1 Chemicals 

Acrylamide, A^A^-melhylenebisacrylamide (Bis), and SDS 
were obtained from Biomol (Ilvesheim, Germany), 
AOV./V,yV-tetramethylethylenediamine (TEMED), bis(2- 
hvdroxvethvl)imino-tris-(hydroxymethyl)-methane (Bis- 
tr'is), and Coomassie Brilliant Blue G-250 (Serva Blue G, 
CI 42655, research grade) were purchased from Serva (Hei- 
deiberg,Germany), glycerol, urea, ammonium peroxydisul- 
fate (AMPS),/A',N-bis(2-hydroxyelhyl)-glycine (Bicine) 
H,SO, (Titrisoi), dielhylamine, trichloroacetic acid (TCA), 
ammonium sulfate and glutardialdehyde for electron mi- 
croscopy (No. 4239) from Merck (Darmstadt, Germany), 
2-mercaptoethanol and Bromophenol Blue (BPB) from 
Fluka (Buchs,Switzerland),Tris from J.T. Baker Chemicals 
(Deventer, Netherlands), and dansyl chloride from Sigma 
(St. Louis, MO, USA). Sucrose (ultrapure) was obtained 
from Bethesda Research Laboratories (Gaithersburg, MD, 
USA). For electroblotting, filter paper 3MM was obtained 
from Whatman (Springfield Mill, Maidstone, UK), Immo- 
bilon PVDF membranes (pore size 0.45 ^m) from Milli- 
pore (Bedford, MA, USA), NA 45 anion-exchange mem- 
branes from Schleicherand Schuell (Dassel, Germany) and 
Auro dye forte from Janssen Biotech N.V. (Olen, Belgium). 

2.2 Preparation of samples 
2.2.1 Sample components 

The low molecular weight (LM W) marker kit composed of 
(1) phosphorylase b (A/, 94 000), (2) bovine serum albumin 
(M, 67000), (3) ovalbumin (A/, 43 000), (4) carbonic anhy- 



MuUiphasic buffer for SDS-PAGE in i^^^ range 100000-1000 J3i 

drase (Af, 30000), (5) soybean trypsin inhibitor (A/, 20 100). 
and (6) alpha-lactalbumin (M, 14 400) was obtained from 
Pharmacia-LKB (Uppsala, Sweden); (7) bovine trypsin in- 
hibitor (A/, 6500). (8) melliitin (A/, 2847), and (9) Met-Lys- 
bradykinin (A/, 1320) from Serva were added to the LMW 
marker kit, and this mixture ( I )-(9) was used as M, marker 
in subsequent experiments. Further M, markers were the 
mvoelobin polvpeptide kit MW-SDS-17 from Sigma, and 
porchie ACTH (A/, 4567) and cholecystokinin fragment 
28-33 (A/, 785) from Serva. The MW-SDS-17 kit consists of 
cyanogen bromide cleavage products of horse heart myo- 
globin, supplemented with intact myoglobin. In a previous 
paper by Kratzin etaL [26), gas phase sequencing, amino 
acid analysis, and UV laser desorption/ionization mass 
spectrometry demonstrated that the A/, assigned to the ge- 
nerated myoglobin cleavage fragments by the company are 
not correct. In this paper we apply the new nomenclature, 
corrected values and amino acid sequence positions, as 
given bv Kratzin etal. (26]: horse heart myoglobin. A, 
16900, 1-153; fragment B,Ay, 14 400, 1-131; fragment C, A/, 
10700,56-153; fragment D, A/, 8200,56-131; fragment E, 
Af,6200, 1-55; fragment F, A/, 2500. 132-153. Generation of 
fragment C was not considered by the company. Crude pro- 
tein/peptide preparations were obtained from rat hypotha- 
lamus, rat suprarenal gland, and total chick brain as fol- 
lows; Tissues were homogenized in 2 mL of homogeniza- 
tion buffer (0.268 m Bistris, 0.1 19 m Bicine, pH 7.6) per g 
fresh weight. Homogenates were boiled for 15 min.centri- 
fuged for 10 min at 16 000 and the upper third of the su- 
pernatant was freeze-dried. 



2.2.2 Preparation of nondansylated protein/peptide 
samples 

For electrophoresis, samples were made up in the following 
sample buffer: 0.359 m Bistris, 0.159 m Bicine, 1.0% w/v 
SDS, 2.5% v/v 2-mercaptoethanol, 15% w/v sucrose, 
0.004% w/v Bromophenol Blue, pH 7.7. For dissolution of 
lyophilized crude protein/peptide preparations from vari- 
ous tissues, Bicine and Bistris were omitted from the 
sample buffer and 0.5 mL were added per mL freeze-dried 
supernatant. All samples were incubated for 10 min at 
iOOX. 

2.2.3 Preparation of dansylated protein/peptide samples 

Protein/peptide solutions subjected to dansylation should 
preferably contain no buffers with primary or secondary 
amino groupsorhydroxyl and SH-groups.2-Mercaptoetha- 
nol only needs to be added after dansylation is completed 
(because dansylation of proteins/peptides is strongly redu- 
ced in the presence of 2-mercaptoethanol)- For dansylation 
20\iL of aqueous protein/peptide solution were added to 
10 mL of dansylation buffer (0.3 m sodium borate, 4% w/v 
SDS, pH 9-5) and incubated for 5 min at 60 °C. Five pL of 
ice-cold 0.4% w/v dansyl chloride dissolved in acetone 
were added and incubation was continued for 30 min at 
60°C.The reaction was stopped by addition of 5 pLof a 98% 
diethylamine stock solution [27] and incubation continued 
for 10 min at 60*^0. Finally 40 \iL of a twofold concentrated 
sample buffer (see 2.2.2) were added, followed by another 
10-min incubation period at 60 ''C. Tissues were treated as 
summarized in Section 2.2.1. except for the homogeniza- 
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lion in an aqueous 0.9% w/v NaCI solution instead of the 
Bicine/Bisiris bufTer. Freeze-dried supernatants were incu- 
bated for 5 min at 60"C in a dansylation bufTer made up of 
O.I M sodium borate, 1 % \v/v SDS, pH 9.5. Dansyl chloride 
(0.4% w/v), diethylamine and twofold concentrated 
sample bufTer{see Section 2.2.2) were added in the same ra- 
tios as detailed above. 



2.3 SDS-PAGE system 

2.3.1 Gel dimensions 

SDS-PAG E was performed using the vertical microsiab gel 
system described by Poehling and Neuhofr[28) or a minia- 
turized version of this system. The gel compartments were 
arranged according to Neuhoff f'^a/. [29], Gel dimensions 
were: (i) micro gel system: length 35 mm (separation gel 27 
mm, stacking gel 3 mm, comb gel 5 mm), width 26 mm, 
thickness 0.5 mm. (ii) miniaturized gel system: length 70 
mm (separation gel 60 mm, stacking gel 5 mm, comb gel 5 
mm), width 45 mm, thickness 0.5 mm. 

2.3.2 SDS-PAGE of nondansylated proteins/peptides 

Comb gel: 7.5 %T, 5%C: 0.359 m Bistris, 0.159 m Bicine, 
0.1% w/v SDS, 8.6 mM TEMED. 1.75 mM AMPS, pH7.7 
(for bufier composition cj\ Appendix 6.2). Stacking gel: 
6.0%T, 5%C; 0.4m Bistris, 0.1m H^SOj, 0.1% w/v SDS, 
8.6 mM TE M E D, 1 .75 mM AM PS, pH 6.7 (for buOer compo- 
sition ('/.■ Appendix 6.2). Separation gel: 12%T, 5%C, or 
18%T. 5 %C; 0.4 m Tris, 0. 1 m H,S0„ 0. 1 % w/v SDS, 0.2 mL 
87% glycerol per mL gel solution (21.4% w/v), 4.3 mM 
TEMED, 1.75 mM AMPS, pH 8.1 (for buffercomposition cf 
Appendix 6.5 a). Instead of glycerol, the separation gel may 
be made up with 8 m urea. Cathode buffer: 0.2 m Bicine, 
0. 1 M NaOH, 0. 1 % w/v SDS, pH 8.2. The cathode buffer has 
to contain 0.25% w/v SDS if 8 m urea is used as additive in 
the separation gel instead of glycerol. Anode buffer: 0.2 m 
Tris, 0.05 m H,S0„ pH 8T. 

2.3.3 SDS-PAGE of dansylated proteins/peptides 

Anodic buffer, stacking and comb gel are the same as de- 
scribed in Section 2.3.2. The cathodic buffer has to contain 
0.25% w/v SDS, and the separation gel buffer is composed 
of 0.4 m Tris, 0.0456 m H^SO,, pH 8.6, instead of 0.4 m Tris, 
0.1 M H2S04,pH8.1 (for buffer composition c/Appendix6.5 
b). 

2.3.4 Setting up the gel system 

For details concerning the preparation of gel chambers, see 
[28]. To obtain a homogeneous upper separation and slack- 
ing gel surface, water was carefully overiayered after filling 
the respective gel solutions into the chambers. The separat- 
ing gel was allowed to polymerize for at least 30 min at 
room temperature before the stacking gel was added. Stack- 
ing and comb gel solutions take about 20 min to polymer- 
ize. Sample wells were formed with an appropiate comb in- 
serted inio the slacking gel. After comb gel polymerization, 
ihe slots were rinsed with comb gel buHer (0.359. m Bistris, 
0.159 m Bicine, 0.1% w/v SDS), fined with this buffer, and fi- 



nally the sample was underlayered. Routinely, 1-2 pL of 
sample were applied; however, due to the effective stack- 
ing, up to 7.5 pL could be applied without loss in resolution 
(miniaturized gel system, slot width 3 mm). For larger 
volumes the stacking and comb gel height or the slot width 
have to be increased. 

2.3.5 Running conditions 

Mini gel system: 5 niA/gel for 10 min, followed by 7.5 mA/ 
gel for approximately 90 min (12%T separation gel) or ap- 
proximately 2.5 h (18%T separation gel). Micro gel system: 
2.5 mA for 10 min follow^ed by 4 mA for approximately 45 
min (12%T separation gel) or approximately 75 min (18%T 
separation gel). Gels were run at room temperature. 

2.4 Gel staining methods 

2.4.1 Direct colloidal Coomassie staining 

Directly following electrophoresis the gel is transferred 
into a staining solution prepared as follows [17]: 2 g of 85% 
H;P04 solution are diluted in approximately 80 mL of dou- 
ble distilled H,0, and 10 g of ammonium sulfate are added. 
After the salt is completely dissolved, the solution is ad- 
justed to 98 mL with H,0, and 2 mL of an aqueous 5% w/v 
Coomassie Brilliant Blue (CBB) G-250 dye stock solution 
are added. This stock staining solution can be stored for 
months. Before use, it has to be shaken vigorously to 
achieve an even distribution of the colloidal dye particles 
formed in the presence of ammonium sulfate. The colloidal 
dye particles are crucial for obtaining a low background 
[18]; therefore, the staining solution should never be 
passed through a filter. To obtain the final staining solution, 
20 mL of methanol are added to 80 mL of the stock staining 
solution. The final staining solution is prepared just priorto 
gel staining and discarded after use. If well-visible colloidal 
dye particles cannot be observed the staining solution 
should be discarded. During staining the vessels should be 
carefully sealed to avoid evaporation of methanol, with 
only a single gel per staining vessel. No destaining step is re- 
quired to obtain a clear background. After staining, the gel 
is only briefly rinsed (max. 1 min) in 25% v/v methanol in 
water to wash off colloidal dye particles attached to the gel 
surface and then immersed in 25% w/v ammonium sulfate 
for fixation of the polypeptide dye complexes [17]. In this 
solution the gel can be stored without destaining of the 
polypeptides. For further staining, gels may be transferred 
back into the staining solution. Thus, stepwise staining [18] 
with periodic inspection and densitometry is possible with 
this protocol. Dansylated proteins/peptides may also be 
stained according to this staining procedure. 

2.4.2 Glutardialdehydc fixation and colloidal Coomassie 
staining 

For gluiardialdehydc fixation the gels were incubated for 
1 h at room temperature in a 0.4 m sodium borate/phos- 
phate fixation bulVcr. pH 6.2, containing 5% glutardialde- 
hydc. (A horaic/phosphato slock bulTcr wus prepared by 
di.ssolving 30.91 g boric acid in 800 mL H.O, adjusting the 
pH to6.2\\ilh;tqucous 1 m Na.l I PO: and filling with ILOto 
a final volume of I L. Prior to use, the fixation butVer is pre- 
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pared by mixing 20 mL of an aqueous 25 "n w/w gluiardiai- 
dehydc solution, as used in clccirom microscopy, with 
80 mLofthe boraie/phosphate slock bufVer). Alieriixation, 
ihe gels were washed 2X10 min in H,0 and stained as de- 
tailed in Section 2.4.1. Following incubation for 30 min in 
25% w/v ammonium sulfate, gels pretreated with glular- 
dialdehyde should be wrapped in aluminum foil and stored 
at — 70"C because slow but significant deslaining was ob- 
ser\'ed on prolonged storage in the ammonium sulfate solu- 
tion. Gels may be thawed and refrozen several times with- 
out noticeable damage to the matrix. 

2.5 Detection of dansylated proteins/peptides 

By monitoring the fluorescent samples at an excitation 
wavelength of 365 nm (maximal emission: 520 nm) the 
separation process can be visualized. Following separation, 
gels may be either photographed directly under UV-illumi- 
nation or kept frozen at -70"C in the dark for several days 
prior to photographic documentation because band spread- 
ing due to diffusion was not significant. 

2.6 Eiectroblotting 

Following SDS-PAGE, proteins/peptides were electroblot- 
ted using the semidry electroblotter SM 17556 from Sarto- 
rius (Gottingen, Germany). The blotting buffers were pre- 
pared according to Hirano [30]; however, methanol was 
omitted in all buffers and 0,025 % w/v SDS included in the 
cathodic buffer. The following buffers were used: (A) 0.3 m 
Tris, pH 10,4 (not adjusted); (B) 25 mM Tris, pH 10.4 (not ad- 
justed); (C) 25 mM Tris, 0.025% w/v SDS, pH 9.0 (adjusted 
with boric acid). The blotting sandwich was erected from 
the anode to the cathode with one sheet of filter paper im- 
mersed in buffer (A), one sheet of filler paper immersed in 
buffer (B), a PVDF membrane incubated in bufier(B), the 
gel washed in buffer (C) for only 1 min, a second PVDF 
membrane [3 1] incubated in buffer (C), and then two sheets 
of filterpaperimmersed in buffer(C). Prior to incubation in 
buffer (B) or (C) the PVDF membranes were washed for 
1 min in methanol and for5 min in H^O, For eiectroblotting 
of dansylated proteins/peptides, the PVDF membrane at 
the cathodic side of the gel may be omitted; at the anodic 
side an anion exchange membrane (NA45) preincubated in 
buffer(B) for 10 min m*ay be used alternatively. The transfer 
was performed at 1 mA/cm^ for 30 min at room tempera- 
ture. 



2,7 Detection of proteins/peptides blotted on PVDF or 
anion exchange membranes 

Proteins/peptides dansylated prior to SDS-PAGE can eas- 
ily be detected by their fluorescence in anion exchange or 
PVDF membranes after eiectroblotting with an increase in 
detection sensitivity as compared to visualizing the com- 
pounds within the gel (see Section 2.5). Nondansylated pro- 
teins/peptides electroblotted on PVD F membranes may be 
stained with Coomassie Brilliant Blue G-250 before subse- 
quent gas phase sequencing [26], delected by in situ dansy- 
lation [26],orstained with Auro dye forte afterglutardialde- 
hyde fixation according to the following procedure: After 
blotting, the PVDF membranes are washed in a 25 niM bo- 
rate/phosphate buffer, pH 6.2, for 2 X 5 min; incubated in 



an 80 niM boratc/phosphate fixation buffer, containing 1 % 
glutardialdehyde.pn 6.2. for 30 min: washed in phosphate 
buffered saline (PBS) for 2X5 min; stained with Auro dye 
forte at 37"C for 1-4 h: washed with distilled water for 5 
min and finally air dried. To prepare the borate/phosphate 
washing and fixation buffers, the borate/phosphate stock 
and fixation buffers described in Section 2.4.2 were diluted 
20- and 5-fold, respectively, The PBS solution was prepared 
as follows [31]: 8 g NaCLOJ g KCl, 1.44 g Na,HP0,X2H,0, 
and 0.2 g KH^PO, were dissolved in 1000 mL H^O.To guar- 
antee the high detection sensitivity of this procedure, only 
high quality filterpapershould be used and a second PVDF 
membrane placed at the cathodic side of the polyacryl- 
amide gel (see Section 2.6) to absorb impurities released 
from the cathodic layers of filter paper. Gels, sheets of filler 
paper, and blotting membranes should only be handled by 
their edges with forceps because material released from 
gloves gives rise to heavy background staining. For the 
same reason electrode plates of the semidry electroblotter 
should be only rinsed extensively with distilled water prior 
to blotting and not be rubbed with gloves. For further de- 
tails on clean working conditions see [31]. 

3 Results 

3.1 Electrophoresis of dansylated proteins/peptides 

Figures la-c demonstrate the stacking process for differ- 
ent loading volumes of a dansylated protein/peptide tissue 
sample from total chick brain. After 30s (Fig. la), 5 min 



a 



b 



c 



Fi}iurc I. Stacking of proiein/peplide samples by ihe new disconiinuous 
buHTer system. From left to right 5,2.5, 1, and 0.5 pLof a dansylated crude 
protein/peptide preparation from total chick brain were applied lo the 
sample wells of a vertical niinislab gel. Photographs taken after (a) 30 s, 
(b) 5 min. and (c) 10 min of electrophoresis. 
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(Fig. lb), and 10 min (Fig. Ic) of electrophoresis the gel was 
photographed. In Fig. lb the sample zone had just reached 
the second third of the stacking gel (height: 5 mm). Note 
the pronounced lateral trailing effect in sample wells with a 
higher sample volume, i,e. filling height, as a result of diffu- 
sion of part of the sample into the adjoining comb gel. At 
the same starting level, sample molecules migrating in ad- 
jacent gel areas were more retarded than in the middle of 
the slot under conditions of free electrophoretic mobility. 
After 10 min this initial effect was compensated (Fig. Ic) 
and the components were completely stacked in a sharp 
starting zone before entering the separation gel. 

The overall distribution of the tissue sample relative to 
the myoglobin polypeptide marker kit MW-SDS-17 is 
shown in Fig. 2. The largest proteins present had an M, of at 
least 90000 as estimated relative to the LMW marker kit 
(data not shown). Figure 2 demonstrates the complete de- 
stacking of dansylated sample components with an M, 

< 1000, run in a separation gel composed of 15 %T, 5%C 
and 2 1 .4 % w/v glycerol. In lane (a) several peptides, present 
in the total chick brain preparation, with an apparent M, 

< 785, were set free from the moving boundary, and in lanes 
(a)— (d) at the lower gel end even dansyldiethylamine be- 
came destacked. At the present pore size, small polypeptid- 




Figure2. SDS-PAG E of dansylaied proteins/pepiides with the new multi- 
phasic bufTer system. The separation gel was composed of I5%T, 5%C. 
21.4% w/v glycerol (minigel version). From left to right: (a) crude pro- 
tein/pcptidc preparation from total chick brain, (b) 150 ng Met-Lys-bra- 
dykinin(jl/r 1320). (c) 600 ng of myoglobin polypeptides A-F(M W-SOS- 
17),(d) 150 ng cholecysiokinin fragment 28-33 (A/, 785). and (e) 100 ng 
porcine ACTH (A/, 4567). 



es such as Met-Lys-bradykinin, myoglobin fragment F, and 
the cholecystokinin fragment 28-33 had only slightly differ- 
ent /?f values. The atypical electrophoretic mobilities of por- 
cine ACTH and myoglobin fragment E in the present sys- 
tem were also observed when we applied the gel systems 
described by Swank and Munkres [10], with 8 m urea added 
to the separation gel, or the SDS-PAGE system of Ander- 
son etaL [1 1]. In each case, dansylated porcine ACTH was 
much more retarded than predicted by its with the oppo- 
site applying to dansylated myoglobin fragment E. 

To estimate the detection limit for dansylated proteins/pep- 
tides, a dilution series of the MW-SDS-17 marker kit was 
run in the vertical microslab gel system with the new multi- 
phasic buffer system. The separation gel was composed of 
15%T, 5%C and 8 m urea. Approximately 3 ng of a single 
dansylated protein/peptide could be detected, which corre- 
sponds to the detection sensitivity obtained for dansylated 
Met-Lys-bradykinin or melittin (Fig. 3). The microslab gel 
dimensions were found to be sufficient for effective em- 
ployment of the present multiphasic buffer system because 
destacking is completed after a separation gel length of only 
10 mm. Separation of dansylated proteins/peptides from 
various biological materials did not critically depend on the 
concentration of glycerol or urea in the gels but was greatly 
influenced by the ionic strength of tfie trailing phase and by 
the presence or absence of SDS during dansylation. In con- 
trast to SDS loading prior to dansylation (Section 2.2.3), 
the reverse procedure, i.e. omitting SDS in the dansylation- 
buffer, led to pronounced trailing of small dansylated poly- 
peptides in the separation gel or their complete insolubility. 




Figure 3. Dilution series of dansylated myoglobin polypeptides A-F 
(MW-SDS-17) run in the vertical microslab gel system with the new mul- 
tiphasic bufTer system. The separation gel was composed of I5%T,5%C, 
8 M urea. From left to right a total amount of 250 ng, 125 ng. 62.5 ng, 
31.2 ng. and 15.6 ng per lane was applied. 
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A twofold reduction of the separation gel molarity of both 
Tris and HjS04, i.e. approximately halving the ionic 
strengths of Bicine and Tris in the trailing phase during 
separation {cf. Appendix 6.5b), resulted in increased trai- 
ling and irregular banding patterns of proleins/peptides 
dansylated according to the standard procedure. For a 
given separation gel composition, the resolving power of 
the gel system is superior for nondansylated as compared to 
dansylated proteins/peptides (compare Figs. 2 and 11) due 
to more pronounced band broadening during separation in 
the latter case. 

3.2 Electroblotting of dansylated proteins/peptides 

A mixture of myoglobin polypeptides A-F (MW-SDS-17 
kit) plus cholecystokinin 28—33 was dansylated, separated 
by S DS-PAG E and electroblotted for 90 min at 1 .6 m A/cm^ 
into anion-exchange or PVDF membranes as described in 
[25]. The polypeptides may also be dansylated, separated, 
and electroblotted according to the present paper; how- 
ever, in contrast to the standard protocol (Section 2.6) elec- 
troblotting should be performed for 90 min at 1 mA/cm^ to 
remove the dansylated compounds completely from the 
gels, as judged by their fluorescence. Dansylated myoglo- 
bin polypeptides A— F were effectively immobilized in NA 
45 anion-exchange membranes, whereas for cholecystoki- 
nin 28—33 a severe loss was observed, which could be de- 
tected in a PVDF control membrane underlayered the de- 
tection membrane at the anodic side. In PVDF detection 
membranes, myoglobin polypeptides A— F and cholecysto- 
kinin 28-33 were immobilized with approximately the 
same efficiency, with a significant loss of all compounds, de- 
monstrated by a PVDF control membrane. Due to a con- 
centration of electroblotted bands within the ultrathin 
PVDF or anion-exchange membranes, the detection limit 
for dansylated myoglobin polypeptides A— F could be low- 
ered to about 1 ng/band (results not shown). Binding to 
PVDF membranes mainly depends on hydrophobic inter- 
action and the increased hydrophobicity of dansylated pro- 
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Figure 4. SDS-PAGE of A/^ standards (l)-(9) and myoglobin polypep- 
tides A-F (MW-SDS-17) with the new multiphasic bu(Ter system. The 
separation gel was composed of I2%T, 5%C, 21.4% w/vglycero!. Visual- 
ization by (a) 1 h fixation in 10%w/vTCA and colloidal Coomassie stain- 
ing, (b) direct colloidal Coomassie siaining,and (c) glutardialdehyde fixa- 
tion followed by colloidal Coomassie staining. 



teins/peptides improves their immobilization. In the case 
of anion-exchange membranes the negatively charged S DS 
protein/peptide complexes will be mainly bound by ionic 
interaction. 



3.3 Fixation and Coomassie staining of nondansylated 
proteins/peptides 

In contrast to peptides prelabeled with a fluorochrome 
prior to separation, detection of nondansylated peptides 
following electrophoresis was problematic because the 
compounds could not be fixed in the gel matrix prior to 
standard staining procedures with such commonly used 
acid precipitants as acetic acid, sulfosalicylic acid, or TCA. 
Figure 4 shows a separation of M, markers ( 1)— (9) and myo- 
globin polypeptides A-F (MW-SDS-17) in a 12%Tgel fol- 
lowed by: (i) 1 h fixation in 10% w/vTCAand colloidal Coo- 
massie staining, (ii) direct colloidal Coomassie staining, 
and (iii) glutardialdehyde pretreatment followed by colloi- 
dal Coomassie staining. During TCA "fixation", loss of 
small polypeptides (Met-Lys-bradykinin > myoglobin frag- 
ment F> melittin > bovine trypsin inhibitor) was inversely 
correlated to their A/,. This also applied to direct colloidal 
staining, but with a shift in immobilization efficiency to 
lower A/,s: bovine trypsin inhibitor was effectively immobi- 
lized, myoglobin fragment F was detectable, and only Met- 
Lys-bradykinin was completely lost. By contrast, all M, 
markers were detected after glutardialdehyde pretreatment 
of the gels followed by colloidal Coomassie staining, and 
the intensity by which small polypeptides were stained no 
longer seemed to be closely correlated to M,. 

To further investigate the effect of glutardialdehyde pre- 
treatment on small polypeptides, Met-Lys-bradykinin was 
incubated in glutardialdehyde-containing buffers prior to 
electrophoresis (Fig. 5). Preincubation with glutardialde- 




a 



Figure 5. SDS-PAGE of Met-Lys-bradykinin incubated prior to electro- 
phoresis in the presence of 0.08% glutardialdehyde in (b) 0.1 m sodium 
citrate, pH 4.0, (c) 0.1 m sodium citrate, pH 6.0, (d) 0.1 m sodium borate, 
pH 8.0, and (e)O.l m sodium borate, pH 10.0. The new multiphasic buffer 
system was applied. The separation gels were 20%T, 5%C, containing 
21.4% w/v glycerol. For preincubation, 5 pLof an aqueous 5% w/v solu- 
tion of Met-Lys-bradyki nin were added to 20 pL of buffers (b) — (e). vigo- 
rously shaken for 1 min immediately afterwards, left at room temperature 
for 1 h,and made up to 50 pLby the addition of 25 pLsample bufTer. After 
10 min incubation at room temperature, 500 ng of Met-Lys-bradykinin 
were applied persloi. Lane (a) was loaded with !00 ng of unmodified Met- 
Lys-bradykinin dissolved in sample bufTer. 
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hyde induced a polymer formation of Mel-Lys-bradykinin, 
most effective in the presence of borate at pH values of 8.0 
and 10.0. To study the pH dependency of giutardialdehyde 
fixation within the gel matrix, Met-Lys-bradykinin was 
eiectrophoresed and incubated for 1 h al room temperature 
in different buffers containing giutardialdehyde (Fig. 6). 
Below pH 3.0, Met-Lys-bradykinin was not immobilized in 
the gel. On incubation in a borate buffer (Fig. 6j) or 10% 




Figure 6. Effect of buffer pH and buffer composition on giutardialdehyde 
fixation of Met-Lys-bradykinin. Met-Lys-bradykinin (300 ng/Iane) was 
run in a minigel using the new multiphasic buffer system. The separation 
gel was made up of 1 2 %T, 5 %C, containing 2 L4 % w/v glycerol. Following 
SDS-PAGE the lanes were cut out and incubated fori hat room tempera- 
ture in the presence of 0.5% giutardialdehyde in 0.25 m NaH2P04, (a) pH 
2.0 and (b) pH 3.0,0.25 m sodium citrate, (c) pH 4.0 and (d) pH 5,0, 0.25 m 
Na2HP04, (e) pH 6.0 and (0 pH 7.0, 0.25 m sodium borate, (g) pH 8.0 and 
(h) pH 9.0, respectively. Lanes (i) and G) were incubated in 10% w/vTCA 
and 0.25 m sodium borate buffer, pH 8.0, respectively, with no giutardial- 
dehyde added. The gel slices were washed 2X10 min in H2O and stained 
with colloidal Coomassie. 




Fifiure 7. Giutardialdehyde fixation of polypeptides in dependence on the 
bulTer ion applied. Met-Lys-bradykinin (150 ng/lane) was run in a mini- 
gel using the new discontinuous buffer system. The separation gel was 
l2*»nT, 5%C, containing 21.4% w/v glycerol. Following SDS-PAGE the 
lanes were excised and incubated for 1 h at room temperature in (a) 0.4 m 
Nj:MPOi buffers al pH 6.0. 7.0. 8.0. and 9.0. or in (b) 0.4 m sodium borate 
buiTer\ at pH 6.0. 7.0. 8.0, and 9.0. respectively. All buffers contained 0.5% 
iJuurdialdehyde.The lanes were washed 2 X 10 min with H^O and stain- 
ed »iih colloidal Coomassie. 



w/v TCA (Fig. 6i), without giutardialdehyde, the polypep- 
tide almost completely leached from the gel. We observed 
a broad plateau between pH 4-7 (Fig. 6c-0 with a steep in- 
crease in staining intensity at pH 8.0 (Fig. 6g). As borate buf- 
fers were used in (g) and (h), in contrast to citrate and phos- 
phate buffers in (a)— (0> this effect may be more related to 
the change in buffer composition than pH variation. Irres- 
pective of the pH value tested, fixation by giutardialdehyde 
was more effective for borate than for phosphate buffers 
(Fig. 7), with a pH optimum for borate around pH 6.0. To 
improve the buffering capacity of the borate buffer ipK92), 
in subsequent experiments the pH was titrated with 1 m 
Na2HP04 instead of the NaOH used so far (Fig. 4-7). The 
comparatively low amount of phosphate had no adverse 
effect on fixation, with the best signal/noise ratio at pH 6.2. 

By varying the giutardialdehyde concentration, a concen- 
tration of 5 % was shown to be adequate. Higher concentra- 
tions did not improve fixation significantly and above 15% 
the polyacrylamide matrix was damaged. The conditions of 
giutardialdehyde fixation were not optimized with regard 
to reaction temperature and reaction time. For gels of 0.5 
mm thickness, incubation for 1 h at room temperature was 




Figure 8. Dilution series of Met-Lys-bradykinin run in a 12%T, 5%C, 
21.4% w/v glycerol separation gel (minigel version, new multiphasic buf- 
fer system), fixed with giutardialdehyde and stained with colloidal Coo- 
massie for 8 h. Amounts of sample were: (a) 7.5 ng, (b) 15 ng, (c) 30 ng, 
(d) 60 ng, (e) 120 ng. 




Figure 9. Dilution series of Met-Lys-bradykinin run in a 12%T, 5%C, 
21.4% w/v glycerol separation gel (minigel version, new multiphasic buf- 
fer system) and electroblotted onto a PVDF membrane (see Section 2.6) 
subsequent to SDS-PAGE. Following electroblotting the membrane was 
glulardialdehyde-fixed and stained with Auro dye forte for 2h at 37*'C 
(see Section 2.7). Samples from left to right: 100 ng,50 ng, 25 ng, 12.5 ng, 
6ng,3 ng, 1.5 ng,0.75 ng. As checked by giutardialdehyde fi.xaiion and col- 
loidal Coomassie staining of the gel. the .Met-Lys-bradykinin was 
completely transferred into the PVDF membrane. 
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adequate. Background staining after glulardialdehyde fixa- 
tion and colloidal Coomassie staining was slightly more 
pronounced as compared to direct colloidal Coomassie 
staining; however,due to the colloidal staining principle ap- 
plied (13, 18], a destaining step could be omitted in both 
cases. The detection limit of colloidal Coomassie staining 
after glutardialdehyde fixation for small polypeptides was 
determined for a dilution series of Met-Lys-bradykinin 
(Fig. 8). Approximately 15 ng could be detected in the gel 
and about 7.5 ng on the photograph after 8 h staining time. 
Similar detection limits were found forothersmall polypep- 
tides, such as melittin or porcine ACTH. Staining for only 
90 min instead of 8h yields a detection limit of 30 ng. 

3.4 Detection of nondansylated proteins/peptides after 
electroblotting 

Alternatively to fixation and staining of the gel, the SDS 
protein/peptide complexes may be detected after electro- 
blotting into PVDF membranes by Auro dye forte staining. 
As opposed to the original method [31] Tween 20 had to be 
omitted in the initial washing step (see Section 2.7), be- 
cause small polypeptides were completely washed out of 
the membrane by the nonionic detergent. With this modifi- 
cation, small polypeptides could be retained but were prog- 
ressively washed out during staining, because the commer- 
cial stain contains Tween 20, added by the company to stabi- 
lize the colloidal gold particles. To immobilize small poly- 
peptides in PVDF membranes during staining with Auro 
dye forte the electroblotted compounds were pretreated 




Figure to. SDS-PAGE of (a) markers (l)-(9) and (b) myoglobin poly- 
peptides A-F, run in a 12 %T, 5 %C,2 1,4% w/v glycerol separation ge! (mi- 
nigel version, new multiphasic bufTersysiem) followed by electroblotting 
into a PVDF membrane (see Section 2.6). The membrane was pretreated 
with glulardialdehyde and stained with Auro dye forte for 2 h at 37 °C (see 
Section 2.7). Only 50-100 ng of single protein/peptide were applied. As 
checked by glutardialdehyde fixation and colloidal Coomassie staining of 
the geL all proteins/peptides except phosphorylase b and bovine serum 
albumin were completely transferred into the PVDF membrane. 



with 1% glulardialdehyde in a borate/phosphatc fixation 
buffer (see Section 2.7). As a result of these modifications, 
staining intensities of polypeptides with A/,s down to appro- 
ximately 1000 progressively increased with staining time, 
and in spite of slightly increased background staining, as 
compared to the original protocol [31], 0.75 ng of Met-Lys- 
bradykinin could be detected after staining for 2 h (Fig. 9). 
Separation of markers (l)-(9) and myoglobin polypep- 
tides A-Fby SDS-PAGE using the new multiphasic buffer 
system followed by electroblotting into PVDF membranes 
and staining with Auro dye forte, according to the modified 
procedure (Fig. 10), showed that concentrations of single 
polypeptides should not exceed 50-100 ng per band, since 
smearing of overstained bands contributes to background 
staining. Among the polypeptides studied, horse heart 
myoglobin (Fig. 10, lane b. A) and melittin (Fig. 10, lane a, 
8) yielded the lowest staining intensities. Proteins/peptides 
electroblotted into anion exchange membranes cannot be 
visualized with Auro dye. forte because of the heavy back- 
ground, due to ionic binding of the negatively charged col- 
loidal gold particles to the positively charged diethylami- 
noethyl groups of the membrane. 

3.5 Electrophoresis and molecular mass estimation of 
nondansylated proteins/peptides 

Figure 1 1 shows the high resolution separation, of M, 
markers (l)-(9) and of rat suprarenal gland and hypothala- 
mus samples, obtained by SDS-PAGE with the new multi- 
phasic buffer system, followed by glutardialdehyde fixation 




a b c 

Figure I /. S DS-PAG E of; (a) markers ( 1 )-(9), (100 ng each), (b) rat hy- 
pothalamus crude protein/peptide preparation, (c) rat suprarenal gland 
crude proiein/pepiide preparation. The new multiphasic buffer system 
was applied. The separation gel was composed of 12%T, 5 %C, 2 1 .4%'w/v 
glycerol (minigel version). Following SDS-PAGE the gel was pretreated 
with glutardialdehyde and stained with colloidal Coomassie. 
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Figure /?. Plots of log Mr versus Rf for (a) A/^ markers ( l)-(6) (A/, range ca. 
100000-14 400, relative mean prediction error4.l %),(b) A/^ markers 
{l)-(9) (A/, range ca. 100000-1000), (c) A/, markers (5)-{9) and myoglo- 
bin polypeptides A-F (A/^ range ca. 20000-1000, relative mean A/^ pre- 
diction error 18.8%). Apparent A/^s were obtained by linear regression 
lines (a, c) or a third-order polynomial (b). The relative A/, prediction 
error was defined as apparent - A/, - actual A/, - X actual A/,"' X 100%. Rf 
measurements refer to SDS-PAGE of nondansylated polypeptides and 
are relative to moving boundary''\ The separation gels were composed of 
(a)9%T,(b) 12%T,and(c) l8%T,and 5%C,2L4% w/vglycerol each (mi- 
nigel version, new multiphasic bulTer system). Gels were gluiardialdehy- 
de-fixed and stained with colloidal Coomassie. 



and colloidal Coomassie staining. A 1 2 %T separation gel is 
recommended for a first screening of a complex protein/ 
peptide pattern within the range of 100 000-1000. Such 
a gel will also tolerate higher sample loads than narrower 
pore size gels. However, the relationship between log Rf 
and Mr for the whole A/, range is sigmoidal, with an inflec- 
tion point at about A/, 20000 (Fig. 12b). Linear plots of A/, 
versus log Rf can only be obtained for distinct A/, ranges, e.g. 
for Mr 100000-14400 in 9%T, 5%C separation gels (Fig. 
12a) or for A/r 20000-1000 in 18%T, 5%C separation gels 
(Fig. 12c). The relative mean M^ prediction error (Fig. 12) in 
the M, 20 000-1000 range was 18.8 % with a standard devia- 
tion of ± 12.7%. Separation in presence of 8 m urea or appli- 
cation of different SDS-PAGE systems [10, 1 1] did not im- 
prove the validity of the A/, estimates in this range. By con- 
trast, the relative mean A/, prediction error in the Mr 
100 000— 1 4 400 range was only 4. 1 %, with a standard devia- 
tion of ± 3.9%. Deviations between actual and predicted 
MrS were most pronounced for alpha-lactalbumin, porcine 
ACTH (not included in Fig. 12a-c), and myoglobin frag- 
ment E, irrespective of whether they were separated as dan- 
sylated or nondansylated polypeptides. The atypical fast mi- 
gration of alpha-lactalbumin was not observed in the 9%T 
separation gel (Fig. 12a); however, it became prominent 
when the impact of pore size on electrophoretic mobility 
was increased (Fig. 12b, c). This finding is^ probably due to 
an atypical Kr value of the alpha-lactalbumin-SDS complex, 
but construction of Ferguson plots for SDS-loaded pro- 
teins/peptides will be necessary to confirm this assump- 
tion. 



4 Discussion 

4.1 Physicochemical properties of the new multiphasic 
buffer system 

4.1.1 General remarks 

The precise physicochemical properties of the ionic system, 
as given by the equations in the Appendix, refer only to the 
native buffer system, since they are not valid a priori in the 
presence of SDS or additives. A full theoretical treatment 
would have to consider an incorporation of S DS and glyce- 
rol into the buffer system, along the lines proposed by Scha- 
fer-Nielsen and Svendsen [9]. However, a partial analysis of 
the new native multiphasic buffer system is sufficient to dis- 
cuss its essential physicochemical properties in compari- 
son with those of other native multiphasic buffer systems 
commonly used in SDS-PAGE and to illustrate the effect 
of two different counterions applied in the stacking and sep- 
arating gels. In addition, sufficient empirical evidence [32] 
indicates that multiphasic buffer formulas originally de- 
signed for native PAGE can also be applied successfully to 
SDS-PAGE as long as the system accounts for the specific 
electrophoretic properties of SDS-protein/peptide com- 
plexes. 

4.1.2 Stacking 

In the present case Bicine was selected as trailing ion and a 
discontinuity was introduced between the slacking and sep- 



aniling gel wiih regard lo ihe common ion: Bisiris was ap- 
plied in ihe slacking gel and Tris wiihin ihe separating geL 
Due lo ihc 'retrograde regulaiion" funciion o( multiphasic 
bufler systems lU- this allowed us to establish great difler- 
enccs between trailing ion net mobilities in the slacking 
and separating gel at appropriate bulTer values and ionic 
strengths within the generated eleclrophoreiic phases. At a 
leading phase pH oi'6,5 and a trailing phase pH of?. 6 in the 
stacking gel the corresponding relative trailing ion net mo- 
bility (/"^f) is-O.lLThis equals the iiiinimum trailing ion 
net mobility during stacking thai can be realized by multi- 
phasic bufTer formulas usingTris as common and glycine as 
trailing ion [6, 33]: =-0.091, which is well below the 
lower stacking limit for SDS-protein complexes deter- 
mined empirically as r= -0.3 by WyckofT, Rodbard. and 
Chrambach [32]. By contrast, the desirable lower stacking 
limit for native acidic proteins approximates r=-0.05. As 
the present stacking system oilers a minimum trailing ion 
net mobility of =-0.075 at a trailing phase pH of 7.4 (see 
Appendix 6.2), a slightly modified version of the new bufler 
system may also be well suited for native PAGE of acidic 
proteins/peplides. 

Using diflerent common ions in the stacking and separat- 
ing gel makes it possible to establish a great difference in 
trailing ion net mobilities between the two gel compart- 
ments, but may generate an additional moving boundary 
between the two common ions applied. Among other crite- 
ria, Bisiris was selected as common ion in the stacking gel, 
thereby avoiding a moving boundary, (mB''*^'), with Tris as 
trailing and Bistris as leading ion, migrating opposite to the 
moving boundary between Bicine and SO4" (mB""^) (see Ap- 
pendix 6.3). Formation of a moving boundary is associated 
with a steep voltage gradient across the moving boundary, 
i.e. low conductivity in the trailing and high conductivity 
within the leading phase. However, because the moving 
boundary is not generated. Tris migrates into phase ^ in- 
stead of the low conductivity trailing phase Due to the 
high conductivity of phase ^ the velocity of Tris ( = 27.42 
X 10"' cm s'') is slow compared to that of moving bound- 
ary ( K"^ =-80.2 X 1 0~' cm s"' ), which moves down at least 
74.5% of the slacking gel height before il fuses with Tris 
(see Appendix 6.4. 1-6.4.3), This results in adjoining phases 
with more than only one common component, i.e. Bisiris 
and Tris, which means that the physicochemical properties 
of the trailing (Bicine + Tris -f- Bistris) and leading phase 
(Tris + Bistris + SO;") cannot be predicted by the present ap- 
proach (see Appendix 6,4). If desired, a quantitative analy- 
sis can be obtained with the theory of telescope and snow 
electrophoresis [9]. Stacking of dansylaled proteins/pep- 
lides was not adversely affected in the remaining 25.5% of 
the stacking gel (Fig, Ic). We did not visualize the stacking 
of acidic proleins/peptides on the remaining 25.5% of 
stacking gel during native PAGE; however, in contrast to 
S DS-PAG E a partial destacking may occur, as some sample 
components will have mobilities much closer to the lower 
stacking limit. (For native PAGE the restriciiviiy of comb 
and stacking gel should be reduced. Good results wiere ob- 
tained with gels composed of 5%T, 20%C). If we assume 
that the velocity of moving boundary"^ is not modified sig- 
nificantly on the remaining 25.5% of total stacking gel 
length (5 mm), and if we neglect the anionic detergent, it 
should enter the separating gel after 10.4 min, which is in 
good agreement wiih the II min determined empirically. 
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Duo to the "retrograde regulation" function [1] of multi- 
pha>ic buffer systems, the irailing-phase steady-state con- 
centrations of Bisiris and Bicine uill be attained in the 
stacking gel. as predicted in .Appendix 6.2. The calculated 
trailing phase composition is sei up independently of the 
comb gel molarity in Bicine and Bistris; however, ihe lime 
necessary to achieve this steady stale condition is minimiz- 
ed in the present case because comb gel. applied sample, 
and trailing phase*' are composed identically with regard to 
Bicine and Bistris. Polymerization of a comb gel on top of 
the slacking gel [29] allows Bicine to enter the slacking gel 
at all points at the same time. Moving boundary'''* is formed 
as a straight line, which is not the case if the wells are 
formed in the stacking gel. In the latter case the optimized 
starling position would only result if the wells were filled lo 
the top with slacking gel buffer, containing the sample, and 
if the upper electrophoresis buffer was composed equival- 
eht lo the trailing phase being generated. The extra effort of 
polymerizing a comb gel is especially justified if larger 
sample volumes have lo be applied because lateral streak- 
ing or bending in one-dimensional S DS-PAG E can thus be 
completely avoided. 



4.1.3 Destacking 

As moving boundary*'^ enters the separation gel a new trail- 
ing phase (phase'') is created, with Tris instead of Bistris as 
common ion. Proleins/peptides are separated at a trailing 
phase pH"" of 8. 5, a relative trailing ion net mobility of ri = 
-0-413, and an ionic strength of (y)^ = 0.0954 m (see Appen- 
dix 6.5.1). As separation takes place at comparatively high 
ionic strengths, moving boundary creates a sharp refrac- 
tion line within ihe separation gel, This refraction line may 
serve as a precise reference for measurements at pore 
sizes where Bromophenol Blue already becomes deslacked 
(> 9%T, 5%C). The high ionic strength attained fiivors the 
separation of hydrophobic compounds, makes the system 
insensitive lo the extraneous salt content of samples, and 
improves band sharpening, as long as the extra heat gene- 
rated is adequately dissipated. 



Representative for multiphasic bufler formulas which use 
glycine as the trailing and Tris as the common ion, the phys- 
icochemical parameters of the svsiem of Ornstein and Da- 
vies are used [6,7]:pH^ = 9-43,^ ;=-0.236,and(^)^ = 0-0l53 
M.The data are taken from a computerized analysis of the 
system [3]. At separation gel concentrations, which do not 
impose difficulties in the control of polymerization, small 
polypeptides are not deslacked at the relative trailing ion 
net mobility of glycine. In contrast, the trailing ion net mo- 
bility of /'-^ =-0.4 13, achieved by the new buffer system, is 
sufficient to destack Met-Lys-bradykinin (A/, 1320) and 
even Bromophenol Blue in separation gels composed of 
12%T.5%C. For the separation of dansylaled proleins/pep- 
tides, the trailing ion net mobility of Bicine was further in- 
creased and the corresponding trailing phase values are 
pH" = 8.84. /"•; =-0.52 1 , and {^Y = 0,0548 m (see Appendix 
6.5.2), At a trailing ion net mobility of =-0.521 and age! 
concentration of 15%T, 5%C, even dansyldielhylamine be- 
comes deslacked (Fig. 2), clearly resolved from Bromophe- 
nol Blue, and migrates interposed between the dye and 
moving boundary''"'. 
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4.2 SDS-PAGE of dansylated proteins/peptides 

Dansylaled peptides with M,s even below 1000 are 
completely destacked and detected with high sensitivity, 
which may be further increased by electrobiotting the com- 
pounds into ultrathin membranes; therefore this method 
may serve as a second analytical dimension to reversed 
phase high performance liquid chromatography (HPLC) 
and should be of particularvalue in protein chemistry when 
hydrophobic low A/, cleavage products of proteins are ex- 
pected. In terms of resolving power and detection sensitiv- 
ity the present discontinuous buffer system for dansylated 
proteins/peptides is superior lo the homogeneous buffer 
formulation of Talbot and Yphantis [23], who achieved a de- 
tection limit of 10 ng for dansylaled polypeptides separated 
by SDS-PAGE, as compared to 3 ng after electrophoresis 
and 1 ng after electrobiotting in the present system. Irre- 
spective of the separating gel concentration and nature of 
additive (glycerol, urea) applied, broadening of bands dur- 
ing separation was more pronounced for dansylaled than 
for nondansylated proteins/peptides. This may be due to 
hydrophobic interaction with the polyacrylamide matrix, 
and a variable extent of side group (Lys,Tyr) dansylation, 
i.e. a more heterogeneous band composition. 

4.3 SDS-PAGE of nondansylated proteins/peptides: 
Detection methods 

4.3.1 Glutardialdehyde fixation 

Small polypeptides, not prelabeled prior to separation, are 
frequently lost by conventional staining methods as a result 
of leaching during 'Tixation" (see Fig. 4a). //; siiu polymeri- 
zation with glutardialdehyde at near neutral pH values, in 
the presence of borate, significantly improves the fixation 
of small polypeptides (Fig. 4c). Glutardialdehyde is a po- 
tent bifunctional cross-linking reagent, producing soluble 
and insoluble covalently linked protein polymers at both 
low (ca. 0.1%) and high (ca. 5%) concentrations [34], 
Mainly free a-amino groups of /V-ierminal amino acids and 
8-amino groups of lysine react with the two aldehyde 
groups of glutardialdehyde [35]. The reaction of glutardial- 
dehyde with some free amino acids, such as glycine, gives 
colored derivatives, including substances of high A/,; there- 
fore Avrameas and Ternynck [35] suggest that the reaction 
proceeds beyond the stage of a simple SchilTbase forma- 
tion, probably producing cyclic reaction compounds. The 
optimal polymerization pH in free solution varies from pro- 
tein to protein; however, the reaction is significantly inhi- 
bited at values below pH 3.0 (see Fig. 6). According to Wes- 
ton and Avrameas [36] the optimal pH values to link glutar- 
dialdehyde to free amino or amide groups, present in poly- 
acrylamide beads, and lo couple the proteins to the acti- 
vated matrix, are pH 6.7 and 7.7, respectively. For the immo- 
bilization of Mei-Lys-bradykinin in polyacrylamide gels by 
glutardialdehyde in the presence of borate we determined a 
pH optimum of 6.2. Within the pH range of 6— 9,glutardial- 
dehyde/boraie fixation butlers were more clVcclive than 
phosphate butTcrs.The reason forthis difference in fixation 
elTiciency. in dependence of the bulVer ion used, will re- 
main unclcarwiihout furthcrexpcrimenis. We have neither 
investigated whether polypeptides are mainly immobilized 
by formation of insoluble oligomers or hy covalcnt allach- 
meni to the polyacrylamide matrix via gkiiardiakiehyde. 



nor have we determined to what extent effective fixation of 
small polypeptides depends on the number of lysine resi- 
dues present. 

4.3.2 Colloidal Coomassie staining 

Recently Neuhoff etal. [18] described sensitive back- 
ground-free staining of polyacrylamide gels with CBB 
G-250, utilizing the colloidal properties of the dye in the 
presence of ammonium sulfate. The present staining proce- 
dure is identical with an improved version [17] of the origi- 
nal method. Due to the addition of 20% v/v methanol to 
the staining solution, and higher concentrations of ammo- 
nium sulfate, the new method combines the advantages of 
much shorter staining time and complete staining of bands 
throughout the entire cross section of the gel with the high 
sensitivity and background-free staining of the original pro- 
cedure. The colloidal Coomassie stain should be combined 
with the glutardialdehyde pretreatment of gels if polypep- 
tides below approximately M, 6000 are expected, since 
small polypeptides diffuse out of the gel matrix before they 
are immobilized as stable polypeptide-dye complexes by 
the colloidal Coomassie stain alone. For staining of pro- 
teins and polypeptides with M, > 6000, direct colloidal 
staining may be preferred because this method yields a 
lower background and higher staining intensities. The pres- 
ent fixation buffer (see Section 2.4.2) turns yellow within 
30 s after incubation of gels containing glycine, resulting in 
slightly increased-background staining, probably caused by 
high molecular weight reaction products [35] of glycine and 
glutardialdehyde. Similarly, a reaction of glutardialdehyde 
with Tris might explain the slightly increased background 
of Bicine/Tris separating gels after glutardialdehyde fixa- 
tion and colloidal Coomassie staining, as compared lo gels 
directly stained with colloidal Coomassie. In contrast to 
Tris, the tertiary amine Bicine will not be involved in the 
reaction. 

4.3.3 Colloidal gold staining of electroblotled proteins/ 
peptides 

For high sensitivity staining with Auro dye forte of small 
polypeptides electroblotled into PVDF membranes, the 
nonionic detergent Tween 20 has to be omitted in all wash- 
ing steps and fixation with glutardialdehyde is required 
prior lo adding the staining solution. The original proce- 
dure given by Moeremans efaL [31] includes washing the 
blotting membranes in phosphate buffered saline, supple- 
mented with 0.3% v/v Tween 20, for 30 and 3X5 min. We 
found that small polypeptides were washed out of the mem- 
branes by this procedure and even at concentrations of 
0. 1 % v/v Tween 20 most of the peptides were lost prior to 
staining. The commercial Auro dye forte staining solution 
contains 0.1% v/v Tween 20 and therefore electroblotled 
proteins/peptides had to be pretreated with glutardialde- 
hyde to prevent additional leaching of peptides during 
staining. After staining for 2 h, the modified staining proce- 
dure can detect subnanogram amounts of polypeptides, 
down to approximately A7, 1000. Obviously, proteins/pep- 
tides pretreated with glutardialdehyde in the presence of 
borate at near neutral pH values are strongly hydrophobic 
and consequently yield high binding atViniiies to the hydro- 
phobic PVDF matrix. One might expect that omitting 
Tween 20 in the washing step gives rise to heavy back- 
ground staining because the nonionic detergent is anlici- 
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pated to block the unspecific binding sites of the membran- 
es and remove low molecular mass impurities prior to stain- 
ing. We found that omission of Tween 20 and pretreatment 
with glutardialdehyde results in only low pinkish back- 
ground staining but increases the sensitivity towards impu- 
rities present in reagents and inadequate handling of blot- 
ting membranes and gels. A brief discussion of factors re- 
levant to clean working conditions is given by Moeremans 
etal. [31]. We generally recommend using an additional 
PVDF membrane at the cathodic gel side to absorb impuri- 
ties released from the cathodic layers of filter paper. 
Whether this membrane may be omitted depends on the 
quality of filter paper applied and has to be checked in each 
case. 

4.4 SDS-PAGE of nondansylated proteins/peptides: 
Relative molecular mass determination 

SDS-PAGE is a widely used and accepted method to esti- 
mate the M,s of proteins [37-39]. Electrophoretic migration 
value) is proportional to the effective molecular radius 
or approximately the M, of proteins only if the following 
two conditions are met for the protein in question and the 
M, standards used to construct the calibration line: (i) hy- 
drodynamic homology, (ii) constant net charge per mass 
unit of the SDS/protein complex. Due to differences in 
conformation, and the variable content of hydrophobic or 
hydrophilic amino acid residues, as well as differences in in- 
trinsic charge, (i) and/or (ii) may be violated. For most pro- 
teins, amino acid residues with atypical SDS binding will 
be compensated bya large number of residues with average 
SDS-binding properties, i,e. 1 molecule SDS is bound per 2 
amino acid residues [40-42]. Correspondingly, the proba- 
bility of atypical SDS binding will increase with decreasing 
length of the polypeptide chain, and electrophoretic mobili- 
ties of small polypeptides separated by SDS-PAGE will be 
more sensitive to differences in intrinsic charge or content 
of amino acids with nonaverage SDS-binding properties. 
In addition, the electrophoretic mobilities of small poly- 
peptides are strongly influenced by their tertiary structure. 
For M, estimates of polypeptides in the range M, 20000- 
1000, separated in gels composed of 1 8 %T, 5 %C, 2 1 .4 % w/v 
glycerol, we obtained a relative mean M, prediction error of 
18.8%, with a standard deviation of ± 12.7%. Using the 
SDS-PAGE system of Swank and Munkres [10] with 
separation gels made up of 12.5 %T, 9.1%C, and 8 m urea, 
we were not able to improve the validity of M, estimates in 
the 20 000-1000 range. Obviously, atypical migration of 
small polypeptides seems to be more closely related to their 
specific amino acid compositon than to the specific proper- 
ties of the SDS-PAGE system applied. Reliable data for the 
M, range in question may be obtained by amino acid analy- 
sis, UV laser desorption/ionization mass spectrometry, or 
gas-phase sequencing of polypeptides electroblotted on 
PVDF membranes after separation by the SDS-PAGE sys- 
tem described [26]. Nonetheless, in many applications a 
siniple and inexpensive method with high resolution, and 
which wastes only minimal amounts of sample, will be valu- 
able in obtaining preliminary information on the approxi- 
mate A/, of a protein/peptide not characterized so far. 
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6.0 Appendix: Physicochemical properties of the 
native multiphasic buffer system 

6.1 General remarks 

The theoretical treatment of multiphasic zone electro- 
phoresis by T. M. Jovin [1—3] served as a rationale to design 
the physicochemical properties of the present buffer sys- 
tem. The definitions applied are summarized below and are 
those given by Jovin [1]. Equations are identified by their o- 
riginal Arabic numeration and correspond to the conven- 
tion in sign notation proposed by Jovin. Relative ionic mo- 
bilities (r) and pAT values of components are tabulated by 
Chrambach [8] and refer to 25 ""C and 0.01m ionic strength. 
In the following, "electrophoretic phases" are denoted by 
Greek letters and are defined as "homogeneous solutions 
demarcated by moving and/or stationary boundaries" [1]. 
The adjoining phases contain only two components, one of 
them being common to both. The entity of a leading and 
trailing phase, separated by a moving boundary, will be 
termed ""electrophoretic unit". The Roman numeration of 
electrophoretic units refers to the subtypes (case I— IV) dif- 
ferentiated by Jovin [1]. Tables 1 and 3 summarize the com- 
ponents of the multiphasic buffer system and assign the 
corresponding physicochemical properties. 

Definitions 

Cj component concentration of component j. Signed 
quantity, possessing the sign of the ion subspecies of 
the component. A component consists of a nondis- 
. sociable species and all forms in equilibrium with it 

(M). 

concentration of subspecies of component j with va- 
lence /; signed (m), 

ion mobility of the ion subspecies of component j. 
Signed according to valence. For divalent weak elec- 
trolytes, the mobility of the univalent ion species is 
designated as z/j,,, and that of the divalent ion spe- 
cies as (cmW"'). 

r-y relative ion mobility of the ion subspecies of com- 
ponent y= ratio of //j to the mobility of the sodium 
ion determined at the same ionic strength and tem- 
perature. Signed. Same convention for divalent weak 
electrolytes as for (dimensionless), 

Wj component mobility of component/ Signed quantity, 
representing the average mobility for the entire com- 
ponent (cmVV"'). 

Tj relative component mobility of component j. Signed 
(dimensionless). 

K specific conductance (mhos cm"'). 

a relative conductance (C cm"^. 

v boundary displacement, volume swept by a moving 
boundary during passage of one coulomb. Signed 
quantity, positive if the moving boundary moves in 
the same direction as the current, i.e., toward the ca- 
thode. A double superscript is used to indicate both 
phases adjoining the moving boundary (cm'C"')- 

r/2 ionic strength = 7j I t/c^Ji^ 

E electric field strength = -potential gradient (V cm"'). 
/ current density = current per unit cross-sectional 
area (A cm'^). 

fraction of component j dissociated into ion subspe- 
cies of greatest valence (dimensionless). 
0 absolute value of the ratio of component concentra- 
tions in an electrophoretic phase. 



6.2 Stacking 

On start of electrophoresis a moving boundary migrates to- 
ward the anode into the stacking gel and separates SOJ" and 
Bicine, thus creating an anodic leading (/?) and cathodic 
trailing (a) phase within the stacking gel. The properties of 
phase", composed of Bicine and Bistris, are entirely deter- 
mined by the composition of phase^ (SOJ", Bistris), and are 
regulated via the set of moving boundary equations for 
each component [1]. 

Table 1. Electrophoretic unit I.l 



Classification 


Component 
ic) 


Code 


Valence of 
subtype (m) 


p/r 


r 


Trailing ion 


Bicine 


I 


-1 


8.3 


-0.67 


Common ion 


Bistris 


3 


+ 1 


6.5 


+0.42 


Leading ion 


Sulfate 


2 


-2 




-1.42 



The fused moving boundary equation for components 1 
and 2 is defined as 



^1 (1-/-3 rj^) 

c| (1-1-3 rr') 



(40) 



and fora multivalent leading ion (m =t= 1) the concentration 
relationships for component 3 are defined as 



0"=^=1 + (0^-/71)/^"" 



0/' = -fi = ;;,+(0°-l)M"^ 

<'2 



(44) 



(45) 



The present leading phase is composed of 0.4 m Bistris (cj = 
0.4) and 0. 1 m H2SO4 {c\ =-0. 1). Equations (24) and (23) de- 
fine a pH^ of 6.5: 



^2 



pH'' = p/:3-iog(fj— 1) 



-1 



(24) 



(23) 



According to Eqs. (40), (44), and (45) this leading phase 
determines a phase" composed of 0.159 m Bicine (c° = 
-0.159) and 0.359 m Bistris (cj = 0.359). 



The corresponding pH° is given by 



0" = 



-'1 

■a 
1 



—a 
C, 



0»= ||fl|-[j(a+/>)l''^| 

with a =0.5(1 +0° )/(l-p) 

i = -2 0°/(l +0") 
and p= l0-<'"^3-'"^'» 

pH'' = pA:,-iogn,;o°-r.) = 7.6 



(28) 
(26) 



(29) 
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The rclaiivc componeni niobiliiy uC Bici no (/ ") in phase is 
ohiained bv 



/■"; = p:/-, = -0.11 



(3) 

The minimum trailing phase pH thai may be achieved is 
i!iven bv 



pH^,i„ = 0.5 (p/r, +pA'3 ) = 7.4 



(51). 



corresponding to a minimal relaiive trailing ion net mobil- 
ity of 



r? = -0.075 



(3). 



The present a and P-phase composition provides the re- 
quirement fora steady slate moving boundary as inequaUly 

r2lrx >0t (53) 
is fulfilled. 

6.3 Formation of moving boundary"'^ 

So far the formation of a moving boundary with Bistris as 
leading ion in a leading phase termed P',Tris as trailing ion 
in a trailing phase termed a', and SO4" as common ion, was 
not considered. In the following it will be demonstrated 
that a moving boundary'''^', migrating opposite to the mov- 
ing boundary"^ is not generated in the present multiphasic 
buffer system. 

Table 2. Elecirophoreiic unit VI 



Classitlcaiion 


Component 

ic) 


Code 


Valence of 
subtype (m) 


pA- 


r 


Trailing ion 


Tris 


4 


+ 1 


8.07 


+0.50 


Common ion 


Sulfate 


1 


-2 




-1.42 


Leading ion 


Bistris 


3 


+ 1 


6.5 


+0.42 



The component concentration relationships between the 
adjoining phases are determined by 



■m 



(l-'-2-''3"') 



(l->-2 



0" =-C^/?° = 1 + (0 



0"' =-?f/?^3' = m+(0"'-l 



(40) 
(44) 
(45) 



In the present a' and P' phase the fraction of monovalent 
weak electrolyte dissociated into ionic subspecies (^j) can 
be defined as 



0j = Cj/Cj = [l + io-(P'^j-P">]-' 
and 

0;'=0'''|m|; <t>^=e''\m\ 
with 

pH"'''=pA'j-log(l/0j-r)-' 



(22) 
(103) 
(23) 



IZijiKiiionN (4()-4.>). (22). iU). and ( 103) and the ..nd / 
values depicted in Table 2. applied to a P' phase conipo.-;cd 
of 0.4 M Bisiris and 0.1 m H.SO,. result in 



pH" =6.50. 
and 



64' = 0.974, 



pH"=8.13. 



0.023 



p';=0.50. 



The dissociation fractions 0? and ^3 refer to trace amounts 
of Tris and Bistris, hypotheiically placed in phases P' and a\ 
respectively. The requirement for a steady slate moving 
boundary of the type under consideration, defined as 



for both phases /?' and a', is not fulfilled. 
In addition, inequality 



(65) 



—oi'^—Q' 
^4 <''3 



the basic requirement to generate the elecirophoreiic mov- 
ing boundary, is not fulfilled. Note that at a running temper- 
ature of OX, instead of 25 "C, condition (I) is confirmed, 
but not condition (65). 



6.4 Fusion of Tris and moving boundar> "^ 

As defined in Section 6. 1 , theoretical treatment is restricted 
to phases with only two components. Fusion of Tris, migrat- 
ing to the cathode, and moving boundary"^ migrating to 
the anode, generates a phase composed of Bicine, Bistris, 
and Tris. The precise physicochemical properties of this 
condition, interposed between initial stacking (Section 6.2) 
and destacking (Section 6.5), can not be characterized by 
the present approach. To estimate the proportion of stack- 
ing gel length migrated by moving boundary''^ and Tris up 
to their fusion, their elecirophoreiic velocities have to be 
calculated. 

6.4.1 Velocity of moving boundan''^ {V^) 

The moving boundary displacement (v) for the lower mov- 
ing boundary'^ of a sample (5) interposed between phase*' 
and phase^ can be defined as v"^ — = r °/<7° if the sample 
volume is equilibrated against a buffer solution with the 
same composition as phase" [2]. The relative conductance 
0° and the velocity of moving boundary"^ ( V^^) are given by 



and 



(cm s~*) 



(38) 



(163) 



For the present current density of 0.02 A cm'^ we obtain for 
the velocity of moving boundary"^ 



K'^ = -80.20 X 10"^ cms"' 
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In this context the velocity ofBicine in phase" isofinteresl 

KCL —a r^a 



To calculate //^ and the corresponding electricai field 
strength 



6.4.3 Fusion 

If we define as "r/" the length of total stacking gel height "A" 
that moving boundary"^ migrates and as '^Z?" the lengrh Tris 
migrates until both fuse, it follows that 



with 



(9) V''^lvl'=alb3nda=A 



(6) 



the sodium ion mobility function for 25'*C, as given by 
Chrambach [8], has to be applied to the ionic strength of 
phase'': 



= 51.92I-42.876]/(|^)% 
+ 52.247^y^ -30.235 ^)/ (y)"" 
The ionic strength of phase'' is given by 



(7). 



(V) 



The predicted low trailing ion mobility of /•^=-0. 11 applies 
to at least 74.5% of the stacking gel height, as a maximum 
value was estimated for*^^" 



6.5 Destacking 

As the moving boundary"^ enters the separation gel, a lead- 
ing'phase' composed ofTris (c]) and sulfate (ci) determines 
a trailing phase*' composed ofBicine (r?) and Tris (cj). 

Table 3. Eleciroptioreiic unii 1.2 



Classification 


Component 
U') 


Code 


Valence of 
subtype (m) 




r 


Trailing ion 


Bicine 


1 


-1 


8.3 


-0.67 


Common ion 


Tris 


4 


+ 1 


8.07 


+0.50 


Leading ion 


Sulfate 


2 


-2 




-1.42 



In the case under consideration we obtain: = 15 82 V 
cm"' and V,'^ =-80.12 X lO"' cm 5"' 

15.82 Vcm-' and = -80.12 x 10"^' cms"' 



6.4.2 Velocity ofTris in phase'* (Vf) 

Let us consider an arbitrary amount of Tris placed in 
phase**'. Due to the elecironeulrality restriction, the ionic 
strength of phase^' is not affected. However, as the ion mo- 
bility ofTris is higher than that of Bistris the specific con- 
ductance of phase^' will increase and E^' will decrease (/**' = 
const.). With increasing amount ofTris placed in phase^', 
pH^' is increased and //J' decreased. According to Eq. (IV), 
in the following a maximal velocity is estimated forTris, as 
we consider a trace amount ofTris hypothetically placed in 
phase^' 

f^f=27.42 X 10-^cms~* and/^'= 1.391 Vcm"^ 



6.5.1 Electrophoresis of nondansylated proteins/peptides 

V-Phase: = -0. 1, f • = 0.4; pH' =8.07. In equivalence to 
electrophoreiic unit 1. 1 a set of equations with Tris as com- 
mon ion instead of Bistris defines the following 

M-Phase: Cj = -0.1 55, = 0.355, pH"" = 8.50, 

{^J=\c'l\4>: = 0W54 (ly 

6.5.2 Electrophoresis of dansylated proteins/peptides 

7-Phase: c] = -0.0456, = 0.4, pH'*^ = 8.60. 
TT-Phase: = -0.0706, C4 = 0.379, pH'' =8.84, 

= |^;|< = 0.0548 (7). 

As inequality (53) is fulfilled for 6.5. 1 and 6.5.2 the condi- 
tions for a steady-state moving boundary are met. 
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SUMMARY 



f A ^" '""-e^hange medium with Bis-tris as buffer and a gradient 

of sodium chlor.de provides a versatile system for the chromatography ofhemo- 
globins. Changes m pH. Bisons concentration, and slope of the sodium chloride ghi- 

tZlr I "^"7 '"'^''""y ^chromatographic behavior for sp^I 

separations. Examples are given of the application of the method to normal samples 
and to those with hemoglobinopathies. 



INTRODUCTION 



Shortly after the first preparation of an ion-exchange cellulose by Sober and 
co-workers- CM-cellulose was applied to the chromatography of hemoglobin by 
IZn" ^""'u' of CM-cellulose became available com- 

mercia iy modifications have been described'. These procedures have separated the 
hemoglobins by means of a gradient of pH that was produced by phosphate buffers 
m the development of microchromatographic methods for hemoglobins*, buffers 
u u "u E"^'"' ^"'^ successfully applied. Indeed 

with these buffers, human fetal hemoglobin (Hb-F) and adult hemoglobin (Hb-A) 
were well separated in contrast to their minimal separation in phosphate buffers with 
a pH gradient. Consequently, we have examined the behavior of human hemoglobins 
m this new system on more conventionally sized columns in order to ascertain its 
apphcabihty to the analysis of complex mixtures. 



* Contribution No. 5210. 
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MATERIALS AND METHODS 
Blood samples 

Blood from normal individuals and from those with various types of hemoglo- 
binopathy were collected with EDTA as anticoagulant. Solutions for chromatography 
were prepared from blood by washing the cells three times with 0.9% NaCI, by he- 
molyzing with water equal to 1.5 times the packed cell volume plus 0.4 volume of 
carbon tetrachloride for 20 min at room temperature, by centrifuging twice to remove 
cellular debris, and finally by dialyzing the sample against a large volume of the 
appropriate developer overnight at 4°. 

Soiutions 

Developer I is 0.03 M Bis-tris-HCI-0.03 M NaCl-0.01 % KCN at pH 6.1 and 
contains 6.28 g Bis-tris [N.N-bis-(2-hydroxymethyl)-iminotris-(hydroxymethyl)- 
methane], 1.75 g NaCl, 0.1 g KCN. and HCl to pH 6.1 in 1 1. 

Developer II is 0.03^ Bis-tris-HCI-0.12 M NaCl-O.Ol% KCN at pH6.1 
and is prepared by adding 5.25 g NaCI per liter to Developer I and adjusting the pH. 

Developer III is 0.03 M Bis-tris-HCl-0.085 M NaCl-0.01 % KCN at pH 6,1 
and is prepared by adding 3.22 g NaCI per liter to Developer I and adjusting the pH. 

Preparation of ion exchanger 

A 50-g portion of CM-cellulose (CM-52, microgranular and pre-swollen; 
Whatman. Clifton, N.J.. U.S.A.) was suspended in 300 ml of Developer I. After the 
ion exchanger had been settled twice in this buffer to remove fines, the pH of the stirred 
suspension was adjusted to pH 6.1, another settling was done, pH was checked, and 
finally the volumes of settled resin and supernatant fluid were adjusted to a ratio of 
1:2. All chromatographic operations were done at room temperature. 

Chromatographic procedure 

A 20 X 1 cm column was poured from the slurry of equilibrated CM-52 and 
50-100 ml of Developer I was passed through. After most of the liquid had been re- 
moved, the sample was carefully layered on the column and allowed to flow in. The 
lube above the column and the line through the pump to the gradient device were 
filled with Developer I. Development was accomplished with a linear gradient from 
a two- vessel system of which the mixer contained 650 ml of Developer I and the second 
vessel 650 ml of Developer II; this is the full gradient. Developer was passed through 
the column at 50ml/h with a peristaltic pump. Fraction size was 5 ml. Absorbance 
was read at 415 nm for all fractions and at 280 nm in some instances. Conductance 
was determined on every tenth fraction. Because the conductance is a linear function 
of NaCI concentration, the NaCI concentration at any fraction of the chromatogram 
can be calculated easily from the measured conductance of the two solutions of a 
gradient. 

If Hb-C is not present in the sample, the gradient may be decreased; 375 ml 
each of Developers I and H! provide a shortened gradient of the same slope as the full 
grad ient. 
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Other procedures 
RESULTS AND DISCUSSION 

»nH .J'^' separations that may be obtained from a variety of normal 

m^^Tl^T'°'^r' '''^"''■'y «f componems'was es2 

lished ,n one or more of four ways : starch gel electrophoresis, comparison with DEAE^ 
Sephato chromatography or with microchromatogn.phy. id/or anltao acfd 

Cord bloods with common abnormal hemoglobins 

~ii . T*^^'"* Woo** newborn infant with sickle 

F se^™?" V'P'TS ""^ « ««"ent in this syst^m^d flt 

cWld w^hS™ . h'^" T chromatographic systems.^ newborn 

t^2t^^^ ^ "1" ^'f*™ '^'^ ~»*''°'« of chromatography 

were chosen to provide a lelauvely rapid movement of hemoglobins on the c^umn 

w„f?H?''''?T"''1^ hemoglobin at alkaline pH w«^ prSnT it' 

would be virtually unadsorbed under these conditions. However, as will be dfe^JLJ 

Snt^h iTrr' '■" *e volume JSs^ 

t rft A? ^"'''r' P" KCN molarity and thS 

the rate of movement of more rapidly moving components can be retarded 
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Adult samples with common abnormal hemoglobins 

The hemoglobins of normal adults and of adults with combinations of hemo- 
globins A, S, and C yield chromatograras that are depicted in Figs. 2 and 3. In ad- 
dition to Hb-Aj, a number of other minor components separate from the major Hb-A© 
of the normal individual (Fig. 2A). The very rapidly moving zones may contain some 
enzymes of the red cell* as well as the pyridoxal complex". Traces of Hb-Fo and minor 
components of Hb-A are not separable. Because no detaUed study has been made of 
minor components and because they (with the exception of A^ and FJ have not been 
correlated with minor components as detailed by other chromatographic methods or 
by electrophoresis, they are labelled as A., A„ etc. in the figures. 




Effluent in ml 



Fig 2. Separation of hemoglobins of a normal adult (A) and of adults with sickle cell trait (B) and 
siclcle cell anemia (C) by the shortened gradient. 



When Hb-S is present, the separations in Figs. 2B (sickle cell trait) and 2C 
(sickle cell anemia) are obtained. A minor component(s) related to Hb-S (S,) overlaps 
Hb-A^ although in some chromatograras there may be partial separation (Fig. 48). 
Hb-Aj, therefore, cannot be quantitatively determined in the presence of Hb-S by this 
method. 

When Hb-C is present and the full gradient is used. Hb-C emerges, as shown in 
Figs. I B, 3A, and 3B. before the end of the gradient The separation of Hl^A^ from 
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too 200 300 4^0 SOO 600 700 600 900 roOO ItQO 
Effluent in mt 



Fig. 3. Separation of hemoglobins of adults with SC disease (A) and Hb-C trait (B) by the fuU gradient 




■ tod 200 "S6d 4io~ soo'^sis" * 
Effluent in ml 

S,^™?fff^*'°f of hemoglobins in a heterozygote for the hereditary pereistence of fetal hemoglobin 
(HPFH) (A) and in an HPFH individual with Hb-S (B) by the shortened gradiient 

Hb-C is excellent and permits the quantitative determination of Hb-Aj in the presence 
of Hb-C. Previous chromatographic procedures for this determination required about 
four days^ in contrast to about a day by the present method. 

Although the reproducibility of the procedure is good, slight changes in pH 
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t^tewborn 




~300"'400~MO 600 700 800 'OOO 
Effluent in ml 




Fig^ 5. ^paration of hemoglobins in a newborn infant with Hb-Bart' s (A) and in the father who has 
Hb-H disease (B) with a modified gradient (see text). 



or NaCJ concentration are responsible for the slightly different effluent volumes at 
which a given peak emerges. The NaCl molarity at the volume of emergence of the 
peak of any hemoglobin has been as follows: Hb-Fo, 0.039-0.050; Hb-An 0 050- 
0.063; Hb-A„ 0.060-0.074; Hb-So. 0.064-0.079; and Hb-Co. 0.093-0.106. From 'these 
data as well as from a comparison of various chromatograms in Figs. 2 and 3, it is 
apparent that Hb-Ao in an AS sample will be contaminated with a minor component 
of Hb-S (note the position of S, in Fig. 2C and Fig. 3A as compared to Hb-Ao in 
Fig. 2B). On electrophoresis on starch gel at pH 9, S, does not behave like Ao but is 
heterogeneous and moves like So and F. 

Other hemoglobinopathies and abnormal hemoglobins 

/..nt.,.T^^f'*"'^ heterozygote for the hereditary persistence of fetal hemoglobin 
(HPFH) will have 15-30% Hb-F. The increased Hb-F of such a heterozygote is an- 
parent m the chromatogram of Fig. 4A. When HPFH coexists with Hb-S. the chro- 
matogram of Fig. 4B is obtained. 

If Hb-S coexists with /^-thalassemia, Hb-A is absent in the type termed S-^- 
thai and present in S-/?-^-thal. The chromatogram of the former would have much the 
appearance of Fig. 4B except for a lower percentage of Hb-F. However, in S./?+-thal 
the S, peak would contain Hb-Ao and be present to the extent of 15-25%, and Hb-F 
would vary from case to case. 

When other hemoglobins were chromatographed (not depicted), it was found 
that an Hb-D (possibly D^o, An,eics) moved more rapidly than Hb-S in a distinct peak 
although incompletely separated from Hb-S. Hb-Uporc (probably Lepore«, s. ) 
has the mobility of Hb-Aj as does Hb-E. "«°'y ^Porewashini„o„) 
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^ tected h^^L^I; ^"f '"^"^ ^ ThaiJander in whom Hb-H(&) was de- 

globin. flSeTf th^r^n^ OK no electrophoretically abnormal hemo- 

Joi A/ '°*^.r'^'"J.«^ •«» »»d the column had been equilibra^ vSS 

r^oSE^r^? 
.ato^rrenr^;^ 

?Sut:Ah?,rbiK^^ ^-^^'-^ ^^-««edt l^a"^ 

7" schttical considerations 

ft ^^if"*"/ <=''«sen as a buffer for these procedures because its dJP i, 

3.^ p j clrol'r^ P^l^bly because o 

poorer pH control at this concentration of Bis-tris. Consequently, 0 03 M Bis-tris 
has been used and the reproducibility has improved. 

.h. .1. flow-rate or a longer column does not improve separations Most of 

work Ih!"r"^""J" "^^^ « of 25 ml/h, butt moreen ■ 

Tat ;itr?n'facr^«" ^"-"'-""y- .hechromatogramTs comX 

in aoout a day. In fact, the flow-rate may be increased to 75 ml/h without sisnificani 

gl r: The'^Jl"'""'"".^'^^ "'■•"^ motemen. of .r S- 

fnd thL «i h ? u"^^' "f separation occu« in the upper 10 cm 

column -^S? "^"-oglobm washes virtually unretarded through the lower half of the' 
suSuS '--equilibrated as many as five times and used agl 

Drovid7? jI,nH'*"'7 'he linear gradient of Developers I and II 

v«ril.. ^'P^'^'ion of the normal hemoglobins and common 

V dTa veSilC'lh':."''"'^ °" 5 °^ concentration pr^ 

In eLmoir? L^A hemoglobins As 

an example, F.g. 5A may be compared with Fig. 2A. The slope of the gradient was 

S .hi B - ? • • ' n^r' r. '*««"^tion occurs if the gradient is started at QMM NaC 
5k 2s ?I~„V' T " '"''T"* '° ^ increase in pH. NaCl o 

Sm^lwn T °"' " NaCI gradient speeds the movement of any 

to «^ r ^f"^- ^^'^ ^^Wes may be adjusS 

to provide correct condiUons for special separations 

If the Bis-tris-NaCI system is replaced by a gradient of 0.O2-O.08 M phosphate 
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at pH 6.1 or a gradient of 0.0 Af -O.l M NaCI in 0.02 M phosphate at pH 6.1. the 
separations are similar but less satisfactory. 
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I^ous stodiK taw demonstrated that loycobactcria attach to fibcwMctia (FN). Hie attadmcot of 
■nycotacteite to FN is coosidered to lie blotogical(y impoitant in Itfyeobaamum bovis BCG tbenny fcr 
superitoal bladder oncer, tnttiation of delayed hypenensiUviiy lo mymtecterial antigens, and fhcpb«My. 
tosis or mycotacterte Iqr eplthdiai ceils, nerefore. »e poriAed the mycobacterial tSt^ fiir FN.^S^ 
^"^JS^ ft»m 3.week cultam ta »fy€ObaeleHutn vaccae, which contained proteii? ttal bound FNud 
inhibited the attachment ofbotb M. niccar and BCG lo FN. we„ used as a woirior^ceptor. iStodM 
vaeau supernatantt mre reconstituted in 0.02 M bU-Trls (pH 6.0» and applied sequenttaUy to maSS ad 
OltraUon cofaimn and a DCA&Sepbacei anion«icbange colLn. A puriftSfahiWto "p«W^^ 
was obtained. The puriBed pS5 protein was observed to Mnd to FN and to inhibh '"I-FN binding lo vSSt So! 
in a doseshpendent manner. Po|ydanai and monoclonal antibodies to the protein wewieiwntad. TbJ 
r«ultta8p^lonal »tteirii^^ a single protein band at 55 kOa in c«de iW. ^Wsupemalanu. 

'*^'i!Lr!?.v' ^^J?^ (Immunoblot). and ivcoKniMd a SS.U)ibandl that 

was assoctated with the BCG cell wall, whkh is consistent with ib Ibottioa « a ITO m^ptor. /UnonoSowl 
immanoi^obiinn MM was isolated li«m mice immuniied with purified M. ^accu pS5 protrin thatWoM 
Amctional in Western Mots but tehibUed the attachment of viable BCG to FN. TlKse^dies demonsLate Ito 
a pn^n or aniigenically related proteins with M^ of 55.000 nmdion as FN iccepton for at least two distinct 
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Adjuvant intravesical Mycobacterium bovis bacillus Cal- 
mette-Gu6rin (BCG) is the most effective treatment for 
superficial transitional cell carcinoma of the bladder (10, 16, 
17). Previous studies have demonstrated that a requisite step 
in BCG-mediated antitumor activity is retention of the 
bacteria within the bladder by attachment to fibronectin 
(FN) (13). BCG rcteiiiion after intravesical instUIation was 
inhibited by antil)odies specific for FN but not by control 
antibodies lo other basement membrane proteins. In addi- 
tion, treatment of BCG prior to intravesical instillation with 
soluble monomeric FN, which had been shown to saturate 
bacterial surface receptors (4), also inhibited attachment 
(13). Further studies demonstrated that the retention of BCG 
within the bladder was dependent on attachment to FN most 
probably associated with the fibrin dot (11), In vivo func- 
tional studies showed that FN-mediated BCG attachment 
was necessaiy for (i) the induction of immunity to BCG after 
intravesical instillation, (ii) the expression of BCG-induced 
Jelayed-type hypersensitivity within the bladder, and (ui) 
mediation of antituuior activity (13). 

In vitro characterization studies demonstrated that BCG, 
as v/ell as ail other mycobacteria tested, attached to FN- 
coated surfaces but not surfaces coated with laminin, fibrin- 
ogen, or type IV collagen (20, 21). The BCG-FN interaction 
was saturable, FN specific, essenu'ally irrevcreible, and 
mhi*bited by pretieatmen: with protease, suggesting the 
presence of specific bacterial receptor (4). Further studies 
showed that BCG attachment to FN was inhibited by com- 
ponents contained in the supematants of proliferating BCG, 
suggesting that the receptor(s) was released into super- 
natant (2, 20). This hypothesis was supported by several 
independent obseivations: (i) radiolabelled proteins from 
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BCG supematants attached to FN coated surfaces (2), (ii) 
the supernatant componcni(s) inhibited the attachment of 
BCG to FN (20), (iii) the inhibitory activity was removed by 
affinity chromaiograph on FN-Sepharose (20), and (iv) pro- 
teins from BCG supematants separated on sodium dodcc>£ 
sulfate-polyacrylamidc gel elearophoresis (SDS-PAGE) and 
blotted to nitrocellulose bound FN (2). Therefore, we initi- 
ated studies lo purify the inhibitor present in the mycobac- 
terial culture supematants. To this end supematants from 
Mycobacterium vaccae^ a fast-growing mycobacterial spe- 
cies, were used for purification because these supematants 
inhibited FN attachment to BCG. This provided laiger 
quantities of supernatant proteins for purification. We report 
herein the purification to homogeneity of the inhibitory 
factor and preparation of monoclonal and polyclonal anti- 
bodies against the protein. The data suggest that the inhibitor 
or a closely related molecule is a mycobacterial FN receptor. 

^iATERIALS AND METHODS 
Chemicals. AH chemicals were purchased from Sigma 
Chemical Co. (St. Louis, Mo.) and were reagent grade 
unless otherwise stated. 

Bacteria. BCG was <^tained from Armand Frappier, Que- 
bec, Canada, as a !>-cphili2cd preparation containing 10^ 
CFU mg ' (manufacturer's specification). Before use, BCG 
was cultured in Youman's medium for 5 days at 3TC The 
bacteria were harvested by centrifuga*ion and resuspended 
in buffer to produce approximately 7 x 10* CFU ml"' 
(determined by standard curves plotting optical density at 
570 nm versus CFU). M. vaccae was obtained from the 
cnycobacterial culture cotiection of John Stanford, Univer- 
sity of London, London. England. M, vaccae was grown in 
Sauton medium and stored at -TO^C as previously described 
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Preparation of ^I4abeUed FN. Human plasma FN was 
purified as previously descnbed (13). The puriiied FN, 1.5 
ms ml~S was labelled f r IS min with 1 mCi (37 MBq) of 
^^INa (Amersham) in a test-tube precoated with 200 f 
lodo-Gen (U3,4,6-tetrachloio-3,6-diphenyiglycounl) as pre- 
viously described (4). The labelled FN was then separated 
from unbound ^^I by chromatography on a 10-ml Sephadex 
G-25 column. The specific activities of the labeUed FN 
preparations were routinely between 10^ and 10'^ cpm (ig~^ 
^I-FN binding ass^y. The binding assay was performed as 
previously ucscra>eu (4). Briefly, 6 p.g of *^I-FN was added 
to 1.5-ml-volume microcentrifuge tubes (Eppendorf) pre- 
coated for 2 h with 1 ml of 1 mg of human serum albumin 
(HSA) ml-». Prior to *^I-FN addition, 7 x 10* BCG 
suspended in 1.0 ml of 0.1 M Tris buffer, pH 6.0, was added. 
The ^^I-FN was mixed with either 300 »Il of unlabelled FN 
(1 mg mP^) or 300 111 of Tris only to determine nonspecific 
and total binding, respectively. Specific binding was ascer- 
tained by subtracting nonspecific from total binding. The 
reaction mixtures were incubated for 1 h at 22°C. After 
incubation, the microcentrifuge tubes containing the reac- 
tion mixtures were centrifiiged at 10,000 x ^ for 3 min in a 
Beckman microcentrii'uge B. The supernatant, containing 
free radiolabelled FN, was carefully removed. The micro- 
centrifuge tubes were sliced, and the pellets containing the 
radiolabelled FN bound to BCG were analyzed for radioac- 
tivity. Control experiments using *^I-FN without bacteria 
produced background counts of approximately 500 cpm. 

Attachment of BCG to FN-coated snr&ces. The matrix 
attachment assay was performed by a modification of a 
previously described method (20). Briefly, a 5-day culture 
was washed twice with and resuspended in phosphate- 
buffered saline (PBS), pH 7.2, to a concenUation of 10^ 
CFU/ml. Next, 10^ CFU (0.1 ml) was added to each well of 
a 96-weU microtiter plate (Immulon 11; Dynatech Laborato- 
ries, Inc., Chantilly, Va.) previously coated with FN (120 
|ig/ml) or HSA (120 |ig/ml; background). Attachment was 
quantitated by reading the optical densi^ at 570 nm on an 
enzyme-linked inununosort>ent assay (ELISA) reader. The 
results are reported as optical density units. Results from a 
representative experiment are shown. Data were reproduc- 
ible in at least two separate experiments. 

Prodn^ion of receptor-containing sopmatants. M. vaccae 
was subcultured in 100 ml of Sautons medium to p*ateau 
growth phase. An inoculum of 8 x 10® bacteria was cultured 
in each of eight flasks containing 1.0 liters of Sautons. 
Cultures were maintained at 3rC in 7% CO2 for 3 weeks. 
Supematants were han^ested by centrifiigation, and residual 
bacteria were removed by filtration (2-|un-pore-size filters; 
Costar). The supernatant was concentrated 100 times on an 
Amicon filtration unit with a PM 10 filter. Concentrated M. 
vaccae culture supernatant was dialyzed against distilled 
HjO and lyophilized. 

Purification of the FN-bindIng protein. Concentrated M. 
vaccae culture supernatant was dialyzed against distilled 
HjO and lyophilized. The lyophilized supernatant was re- 
consUtuted to 1.5 ml with 0.02 M bis-Tris (pH 6.0), and 0.7 
ml was loaded onto an ACA 54 gel filtration column (0.6 by 
75 cm) equilibrated with 0.02 M bis-Tris. 

Inhibitoiy fractions were pooled and loaded onto 10 ml of 
^EAE-Sephacel. The cohunn was washed with 0.02 M 
bis-Tris (pH 6.0) until the efihient was protein free. Protein 
was eluted with a 0 to 0.4 M NaQ gradient in bis-Tris. 
Fractions, 1.0 ml, were collected and dial3^ed against bis- 
Tris, pH 6.0. SDS-PAGE and Western blots were performed 
as previously described (2). 



Antibodies. P lyclonal rabbit antibodies to the purified 
adhesin (p55) were prepared by injecting subcutaneously 25 
(Lg in alum. At 3-week intervals the rabbit was boosted with 
15 t 20 |Lg in alum. Ten to 14 days after the second boost, 
antibody was harvested. Immunoglobulin G (IgG) was iso- 
lated from serum by 50% ammonium sulfate precipitation 
followed by DEAE-Sephacel ion-exchange chromatography. 
SDS-PAGE demonstrated only bands consistent with IgG 
heavy and light chains. All «periments using the polyclonal 
antibody were performed with DEAE-purified antibody. 

Monoclonal antibody to the p55 protein was generated by 
the subcutaneous injection of BALB/c mice with 10 (ig of 
p55 in alum. Mice were boosted three times at weekly 
intervals with 5 M.g of p55 in alum. Mice were rested 3 to 4 
weeks after the third boost and injected intravenously with 5 
»ig of p55 in PBS. Three days later, spleens were harvested 
and fiised with the NSl myeloma. Reactive clones were 
detected by ELISA with purified p55-coated microtiter 
wells. A single hybridoma showed consistent reactivity in an 
ELISA. The reactive hybridoma was cloned, and the anti- 
body, designated mFNR.l, was isotyped as IgMX. 

pS5 FN binding assay. Immulon wells were coated with FN 
or bovine serum albumin (BSA) as a control for nonspecific 
binding, as described above. The remaining attachment sites 
were blocked by the addition of 1% BSA in PBS for 30 min. 
Purified p55 in Tris buffer was added to appropriate wells (3 
^g per well) and incubated for 30 min at room temperature. 
Wells were washed, and purified monoclonal anti-p55 
(mFNR.l) diluted in PBS containing 0.1% BSA was added 
for 1 h at room temperature. The wells were washed, and a 
biotinylated anti-mouse immunoglobulin (Sigma) was added 
at a predetermined optimal concentration for 1 h at room 
temperature. The wells were washed, and the reaction was 
developed l3y the addition of p-nitrophenyl phosphate. Re- 
activity was read on an ELISA reader at a wave length of 405 
nm. Controls included p55 added to BSA-coated wells, 
FN-coated wells without p55, and FN-coated wells with a 
nonspecific primary isotype control (RL172.4; a monoclonal 
IgM reactive with thy 1.2 on murine T cells [6J). Control 
absorbance for all controls was equal to or less than that of 
the isotype control. 

BCG firactionatlons. BCG cells were separated into cell 
wall-associated (particulate) and cytoplasmic fractions as 
previously described (12). Briefly, BCG was collected after 
culture on Sautons as described above. Bacteria were resus- 
pended in Tris bufler and subjected , to probe sonication. 
Particulate material was sedimented by centrifiigation and 
solubilized in SDS. The supernatant was considered the 
cytoplasmic fraction. 

RESULTS 

Previous studies suggested that mycobacterial supema- 
tants contained proteins with functional activity consistent 
with the fvesence of soluble FN receptors (2, 20). In an effort 
to maximize supernatant protein production for purification, 
supernatants from M, vaccae^ which were previously shown 
to contain proteins that attached to FN-coated surfaces, 
were tested for the presence of soluble receptors capable of 
inhibiting the attachment of *^I-FN to BCG. The results 
demonstrate that concenfrated Af. vaccae supernatant con- 
taiiK a component that inhibits FN binding to BCG (Fig, 1). 
Purification of the inhibitory cofflponent(s) was initiated by 
appljong supernatant to an ACA-54 gel filtration cohunn 
previously equilibrated with bis-Tris, pH 6.0. The inhibitoiy 
activity was localized and pooled for further purification. 



Vol. 61, 1993 




MYCOBACTERIAL FN-BINDING PROTHN im 
TABLE 1. Pdrification of th.il/. *.cc«e FNA^uuSn. .^^ 



Step 



Concentrated supematant 
ACA-54gel filtraUon 



Procera 


Vol 


TotaJ 
protein 


11.16 


0.7 


7.8 


0.07 


8.0 


0J7 


0.16 


2.0 


0J2 



puxifi> 
cation 



13.7 



10^ 10' ,0^ 
Culture Supematant Dilution 

5). The protein from this frartion was used for all 2ubsem.e« 
expenments and for immunization pu™«« Sotehf^riS 



p55- - 




KO 

-427 tS^^^^^ 

— 21.? 

— 14.4 





«b'Sl3yg,:r^^„^ to g«erate a 

The single monocional antAw^ JIZT^ ^ ™® 

W«,era blots (immiu*lU)(dita L^~ " 

pu»pi^r.-»S^-^^^^ 

thepwifiedSi^*^™^^ 

nTriL ««M opponents as previously describ^ 

ki !;.• -T"!^ **" 'ra«ioiis were subjected to^Sf^ 



— 3tO 
—21.5 

— M.4 ^,.^„, 




0% 

• ^ 2 3 4 

Protein Concentratfon Ofg/tnl) 
FIG. 3. Efificcts of jwrified M. I'occae FN lecentnr nn usi 



1892 



RATUFF ET AL. 



Infect. Immun. 



2.5 j 



: L.jFuTitted p53 i 

2h ' 



>2.0 



§'l.5l 
• [ 

i 
f 

0.5- 

i 




no. 4. RecogniUon of purified M. vaccae FN receptor (pS5) by 
the monoclonal antibody mFNR.l. OD^, optical densiQr M ips nm. 

p55. JTius, BCO ejyresses a protein(s) cioss-reactive with 
me Af. vaccae FN-bindfag protein in the cell wall. 

Since the cell waU localization of p55 in BCX) is consistent 
wth Its possible function as a FN receptor, we tested 
!« K. "S???*'"?' in»i-l>55 could inhibit the binding of 
intact, viable BCX} to FN. As shown in Fig. 7. the anti-p55 
monoclonal antibody inhibited BCG attacLent to an m- 

"^"^ J?!!?-.*" antigenically related protein is 
necessary for BCG binding to FN. k « 

DISCUSSION 

h»^?* •'"Y'' BCG and other myco- 

^4 ST'tfiVif""' 'o ^ '"a recepior-mcdiated man- 
• : • • l^^- Supeniatants from proliferating mycobac- 
S!"^'', " ^rapowntCs) that bound FN ^d that 
mWbited the interaction between mycobacteria and FN (2). 

FN^SLt^H cf ^ «te ability to bind direct^ to 

t2 °" "J'" *e hy- 

pothesis that p55 IS a mycobacterial receptor for FN. Puri- 





21.5- 

A'.^**"™ °' particulate and sohible BCG (Tactions 

anli-p55). BCG were sonicated, and particulate and soluble frac- 
tions were separated as described in Materials and MeS«b 

fiedpSS was observed both to inhibit the binding of FN to 
TCG and to bind directly to FN-coated surfaces. In addition, 
p55 looilizes to the particulate fraction of the bacteriuin 
sug^tog Its avaaability for binding. Most convinS,' 
monodoniU antibody to p55 blocked the atuchment of viable 

M^Ti^^- monoclonal Md poly. 

monoclonal ant^pSS 
also inhibi s the binding of W. avium, M. mbenMlosis, Ind 

^f^fl^^ t^J^-^"^. ^"rf^"* (19a)- These data su^s t 
^iSt «f""*" P^'*'? 'f. " protein^ a 

member of an antigenically related family of proteins that 
function as mycobacterial FN receptors. 

Our data demonstrate that p55 is necessary for BCG 
attachment to FN. They do not role out the^^lvVmeStS 
additional components in FN binding. Since FN is known to 
.memct with glycolipids, which are\bundant m the^cS 
nf Sr^iT^?^' i^*!? ^ as-yet-unidentilied compo- 
S^^f^*!'" A '""•ticoniponent interaction 

extremely low dissociation rate previously 
reported for FN and mycobacteria (4). Furthermore S 

m S 'li"' "VcibLcteria exp^S^o 

FN-bm4ng protems with molecular masses of 55 and 32 kDa 
(1. 2). Subsequent studies using a cloned 32-kDa protein 
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hi'^J!*^-!?^"^ monsirated unequivocally that the recom- 
binant 32-kDa pr „cm bound FN in vitro (25). Two separate 
pro em domams of the 32-kDa M. leprae protein! one 
containing ammo acids 55 to 266 and the other containing 
ammo acids 265 to 327. bound FN. suggesting that twS 
separate binding sites exist in this protein. While it is clear 
that (he 32-kpa protein binds FN in vitro, its role in the 
attachment of viable mycobacteria to FN-coated surfaces 
has not been established. Moieover. a recent report by 
Pesso am and Brennan (18) has questioned the FN-bindine 

anll'nS^ "U'^'^L"'^ P"""'""" ^""^ "lonoclonal 
anti-p55 inhibited the attachment of viable BCG to FN 
ahnosi completely. p55 may be the primaiy mycobacterial 
FN receptor and the 32-kDa protein may function as an 
accessory molecule. However, the relationship between the 
32- and the 55-kDa proteins and their respective roles in 
myoobacterial attachment to FN remain to be definitely 
csiabhshcd. ' 

Previous reports have shown that several bacterial genera 
including Staphylococcus, Streptococcus, Escherichia, Saf- 
monella, and Treponema, attach to FN via specific bacterial 
receptors (3. 6. 7. «. 14. 23. 26). TT^c most studied bacteri- 
um-FN interaction is that of Stap/q,lococcus aureus, for 
which the bacterial receptor has been cloned and the FN- 
Dindmg region has been identified (8). 

It is clear that the mycobacterial FN-binding protein 
fi,°^™l^- Phys'cochemica! properties distinct from 
the FN-bmding proteins of 5. aureus. Streptococcus pyo- 
genes, and Treponema pallidum (8. 23. 26). While the 
interaction between FN and S. aureus was enhanced by 
NaCI. concentrations as low as 0.04 M significantly inhibited 
FN aHachment to BCG (4. 19). n,e pH maxima also differ 
witn BCG possessing a range of 3.0 to 6.0. while little FN 
attachment to S. aureus is observed at pH 5.0 or lower 
f o^l^*''!'''"''"" °^ ""^ attachment site to FN is distinct 
lor BCG. S aureus attaches to the NH^-terminal 29-kDa 
tragment of FN. while our unpublished data suggest that 

^f^h ^H?5''«=V° COOH-terminal heparin binding region 
of the FN molecule (3). s e ■ 

The biological role for the p55 protein is not known. The 
interaction between FN and the mycobacteria was first 
discovered m investigations aimed at gaining a better under- 
standing of the mechanisms of action of ECO as an antitu- 
mor agent for superiicial bladder cancer (21). In those 
studies It was determined that the attachment of BCG to FN 
present within the bladder was a requisite step in the 
antitumor response induced by BCG (13). Godfrey and 
associates (9) have suggested that mycobacterial FN-binding 
proteins inhibit cutaneous delayed-type hypersensitivity re- 
actions to punfied protein derivative in guinea pigs. Recent 
studies suggest that the FN-binding capacity of n55 is 
important m the phagocytosis of BCG by epithelial celb(15) 
Moreover, preliminary studies sug^t that the p55-raediated 
ingestion process ran be important in macrophage iuKstion 
of A/, avium. Whether the FN-binding activity of themyco- 
bactena is associated with pathogenicity, as has been sug- 
gested for other bacteria (24). remains to be deteimined. The 
capacity to bind FN has been observed in pathogenic myco- 
bactena including tuberculosis, M. kansasa,M. a^um, 
and M. leprae (20 and unpublished data). These data are 
consistent with a potential role for FN attachment in myco- 
bactenal infections, if this is the case, interventions aimed at 
inhibiting mycobacterial binding to FN have the potenHal to 
be novel and useful agents for preventing the establishment 
of disease. 
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Amine-Citrate BufiTers for pH Control in Starch Gel Electrophoresis 

J, W. ClAYTON AND N, TRETIAX 

Fisheries Research Board of Caiiada 
Freshwater Institute, Winnipeg, Man, M3T2N6 

Clayton, J. W., and D. K TrettaiC* 1972. AmineK^trate buffers for pQ. control in starch 
gel electrophoresis- J. Fish. Res, B<L Canada 29: 1169-1 172, 

Amine-citrate buffer systems for /iH control in starch gd electrophoresis gave good 
resolution of some dehydrogenase isozymes. The pK*3 of three new amine buffers, N-(3- 
aminopropyI)-morpholine, pK2 25 C, 6.12; N-(3^aminopropyI)-diethanolamine, pKz 25 C. 
6.90; and l,3-bi5(dimethylamino)-2-propanol, pK2 25 C, 7.55, were detcnnined at 5 C nitcr- 
vals in th6 range 10-40 C. these compounds, together with N, N-bis(2'hydroxyethyI)iniino- 
tdsChydroxymethyDmcthane Cbis-Tris) and tris-(hydro;^ethyO-meth54ainjne(Tris), provide 
a series of amine buffers with piC's at 0 .5 unit intervals in the pH range 6,1-8,1. 

Clavton, J. W., and D. N. TRJBTiak. 1972. Amine<itrate buffers for pH control in starch 
gel electrophoresis. J. Fish. Res. Bd, Canada 29: 1169-1172. 

L'emploi de syst&mes tampons amines-citrates pour le contr61e du pM dans mectropho- 
rise sur gel d'amidon a foumi une bonne resolution de quelques isozymes de la deshydroge- 
nase. Lcs vakurs de pK poxu" trois nouveaux tampons ammes, N-<3-aminopropyl)-raorpho- 
line, pKz 25 C, 6.12; N-(3-aminopropyD-diethanolaminc, pK^ 25 C, 6.90 et l,3-bjs(dim6thyl- 
amjno>2-propanol pKz 25 C, 7 . 55 ont hth d6termin6e3 k intervafles de 5 C sur une gamme de 
10 a 40 C Ces composes, de m£me que N, N-bis(2-hydroxy<5thylVinunotri3(hydroxym6thyle> 
methane (bis-Tris) et tria<hydro)cymdthyO-m6thyIamineCrrisX foumisscnt une s&ic de tam- 
pons amines avec des valeurs de pK a intervallcs de 0.5 unites sur la gamme dci?H de 6.1 
iS.I. 
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Starch gel electrophoresis of specific proteins and 
enzymes has become one of the central techniques 
of biochemical genetics. One of the advantage of 
the technique is that the investigator may, in prin- 
ciple, vary the ;7H of the gel medium over a range 
sufficient to maximize the differences in mobility 
of the particular proteins under study. In practice, 
some limitations arise that are related to the neces- 
sity of providing adequate jpH buffering capacity 
while at the same time keeping the ionic strength 
of the gel as low as possible in order to minimize 
electrical currents and imdesirable heating of the 
gel. In studies of enzymes it is also essential to use 
a buffer system that is compatible with the preser- 
vation of enzymatic activity. 

Our search for buffer systems that might be useful 
for starch gel electrophoresis, particularly for the 
resolution of the abundant isozyme of dehydro- 
genases in fish, has been influenced by eaiiier in- 
vestigations of dehydrogenases that showed the 
protective effects of coenzymes, citrate ions, and 
polyhydroxy compounds. Citrate and coenzymes 
protected lactate dehydrogenase from inactivation 

Printed in Canada (J2474) 



by urea (Di Sabato and Kaplan 1965) and also 
promoted the reactivation of malate dehydrogenase 
following inactivation by guanidine hydrochloride 
(Chilson et al. 1965a)» More extensive investigations 
have shown the beneficial effect of citrate in the 
reactivation of lactate and malate dehydrogenase 
after guanidine hydrochloride inactivation, as well 
as in the protection of malate dehydrogenase 
from heat inactivation (Chilson et al* 1966), In 
studies of the freezing and thawing of several 
enzymes it was found that some coenzymes and 
a number of polyhydroxy compounds prevented 
tiiie loss of catalytic activity and also, evidently, 
inhibited the dissociation of multinoeric enzymes 
into their monomeric subunits (Chilson et al. 
1965). A general conclusion that may be drawn 
from these studies is that citrate, coenzymes, and, 
to some extent, poljiiydroxy compounds probably 
exert a protective effect on the catalytic activity 
of several dehydrogenases. It therefore appeared 
likely that buffers for electrophoresis of these en- 
zymes could advantageously be made up with 
citric acid buffered with an appropriate polyhy- 
droxyamine. The combination of tris-(hydroxy- 
methyl)-methylaminc (Tris) buffered citrate has 
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proven to be useful in a number of investigations 
(Clayton and Gee 1969; Qayton et al* 1971 ; Willis- 
croft and Tsuyuki 1970), 

It has become clear that it would be desirable 
to have a series of amines available to buffer citrate 
over a range of pU in order to bring out all the 
variability present in some isozyme systems. This 
paper describes the ionization constants and the 
suitability for electrophoretic studies of a number 
of amine buffers that range in pK from 6.1 to 8.1 
in approximately 0.5 unit intervals. 

Materials and Methods 

The whitefish (Coregonus dupeaformis) used 'in this 
investigation were collected from Qear Lake, Riding 
Mountain National Park, Man. The walleye {Stizos- 
tedion vitreum vitreum) was taken from Lake of the 
Woods. Ont. 

The amine buffers were obtained from the following 
suppliers: N, N-bis (2-hydroxyethyO iminiotris Oiydroxy- 
methyl) methane (bis-Tris)* General Biochemicals, 
Chagrin Falls, Ohio; 2-amino-2-methyM, 3-propanediol, 
Sigma Chemical Co., St. Louis, Mo.; N-(3-aminopro- 
pyD-morpholine, N-(3-aminopropyI>^ethanoIamine, and 
^S-bis (dimethyIamino)-2-propanol, Aldrich Chemical 
Co., Milwaukee, Wise.; tris^hydroxymethyO-methylami- 
ne, "Analar grade." B.D.H. Chemicals, Toronto, Ont; 
triethanolaminc was "Baker Analyzed" from Canlab, 
Toronto, Ont. These amines were used for titrations and 
also as buffers in electrophoresis as received from 
the suppliers. Other chemicals used were of laboratory 
reagent gmde. 

Starch gel electrophoresis was conducted with the 
apparatus described by Tsuyuki et al, (I960. The general 
methods of extract preparation, electrophoresis, and 
enzyme staining have been described previously (Clayton 
and Gcc 1969; Clayton et al. 1971), As in the previous 
work, starch was gelled in buffers prepared by adjusting 
0.00200 M citric acid to the desired pH with an appro- 
priate amine at room temperature, approximately 22 C. 
The electrode buffers were made similarly with 0.0400 M 
citric acid. These concentrations give ionic strengths 
Similar to the citric acid/phosphate buffers described 
by Fine et al. (1963). 

. In the present woric, muscle extracts were prepared 
by homogenizing tissue with a distilled water solution 
of nicotinamide adenine dinucleotide (NAD), 300 
mg/Kter in a ratio of I g muscle to 3 ml NAD solution. 

The pK values for the amines were determined graph- 
ically from titration curves obtained with an automatic 
titrator. The titration equipment obtained from 
Radiometer, Copenhagen, and consisted of a model 26 
pH meter, a model GK2021c combination calorael/^ass 
electrode, a SBR 2c Titrigraph and a SBUld Syringe 
Burette. The meter and electrode were standardiicd 
with buffers recommended by Bates (1964). 

The amines (8 ml, 0.050 M solution) were titrated 
with 0.200 N hydrochloric acid under nitrogen in a 
jacketed, temperatureKwntrollcd vessel. The actual 
temperature of the solution titrated was observed di- 



rectly with a smaU thermometer. For amines with two 
nitrogen atoms per mole the titration of the more acidic 
nitrogen was conducted on a stock solution that was 
already partly neutralized with hydrochloric acid. Eight 
titrations were made with each amine at each tempera- 
ture. ^ 

AB 

Buffer values ^ (Van Slyke 1922; Bates 1964) 

were determined by measurement of the change in pH 
produced by the addition of 1 ml of standardized hydro- 
chloric acid or sodium hydroxide to 100 ml of amine- 
citrate buffer. The concentration of acid or base used 
was determined in a trial experiment to be sufficient 
to produce a pK change of 0.1^.2 unit. The tempera- 
nire of the amine^trate buffer was controlled at 25 ± 
OA C and each buffer was tested in triplicate. 

The conductivities at 25 =b 0,1 C of amine^trate 
ovS^ were measured in the usual way with a conductiv- 
ity "bridge'* and platinized cell. 

Results and Discussion 

The application of amine-buffered citric acid 
to starch gel electrophoresis is shown in Figs. 1-3. 
Malate dehydrogenase isozymes in white muscle 
of a C^C* homozygous walleye (Clayton et al. 
1971) are well separated at /jH's between 6.1 and 
7.5 (Fig. l)j but in the much-used Tris-citrate at 
1)H 8.0 two of the isozymes arcr no longer clearly 
separable. Lactate dehydrogenase in red muscle 
of a FF homozygous lake whitefish (Clayton and 
Franzin 1970) appears as two groups of iso- 
zymes in the pK range 6.1-8.5 (Fig. 2), However, 
the existence of multiple muscle-type isozymes, 
the least anodal group, is only evident at ;?H 7.8,' 
8.0, and 8.5, while the muhiplicity of the heart- 
type isozymes is clearly evident at all pWs studied. 
The muhiplicity of both sets of isozymes that has 
been used as evidence for tetraploidy in sahnonids 
(Klose et al. 1968; Ohno et al. 1968; Massaro and 
Markert 1968) would be completely missed in this 
species if electrophoresis was carried out at pU 
7.5 or lower. Electropherograms of lake whitefish 
malate dehydrogenase (MDH) show (Fig. 3) a 
fish with an apparent symmetrical heterozygous 
phenotype similar to that found io rainbow trout 
and Pacific salmon by Bailey et al. (1970). The full 
multiplicity of MDH isozymes, with the most 
anodal isozymes occurring as progressive sets of 
one, two, and three isozymes each, was seen only 
atpH 6.5 and 6.1. At pU 8.0, the isozyme pattern 
is so contracted that it no longer has any resem- 
blance to the i7H 6.1 pattern or to the phenotypes 
shown by Bailey et al. (1970). It was suggested in 
the introduction that amines with hydroxyl groups 
would be desirable in order to combine the pro- 
ta;tive effects of polyhydroxy compounds with the 
buffering capacity of amines. In our search for 
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Fig. 1. Walleye malate dehydrogenase electrophoresis 
amine-dtrate buffers: pK 6, 1, N-(3-arninopropyI)- 
morpholinc; pH. 6*5, bis-Tris; pH 6.9, N-(3"attdnopro^ 
pyD-diethanoIamine; />H 7,5, l,S-bis(diinethylammo>-2- 
propanol; pK 8.0, Tris. 




Fio. 2, Lake whitefish lactate dehydrogenase electro- 
phoresis, amme<itrate buffers; pH 6.1> N"(3-ammopro- 
pyO-morpholine; pH 6.5, bis-Tris; />H 6.9, N-^B-amino- 
propyl>dicthanolamine;pH7.5, l,3-bis(dimethyIamino)- 
2-propaDol; pH 7.8, triethanolaminc; pH 8.0, Tris; 
pH 8.5, 2-arDino-2'meth>4-J,3-propanedio!» 

CUxytoa afld Tredak — J. Fish. Re*. Bd* Cuiada 




origin 



Fio. 3, Lake whitefish malate dehydrogenase electro- 
phoresis amine-citratc buffers: pB, 6.1, N*(3-aniinopro- 
pyI>morpholiae;pH 6.5, bis-Tris; pH 6-9, N-CS-amino- 
propyO-diethanolamine; ^^H 7.5, l,3-bis(dmiethylamino)- 
2-propanoI; pU 8.0, Tris. 



^1 




fO 20 30 40 

TEMPERATURE (C) 

Fig, 4. Effect of temperature on pK of axnine buffers : 
a» Tris; b, l,3-bis(dimethyIainino)-2-propanol (second 
ionization); c, N-(3-aimnopropyl)-dicthan6laniine (sec- 
ond ionization); d, bis-Tris; e, N-(3-ai»ioopropyI>mor- 
pbol'inc (second ionization). 
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amines with pK's in ihe pH range 6-8, we were not 
always able to find compounds that combined 
both properties of desirable pK and the presence of 
a large number of hydroxyl groups. The amines 
we have investigated do seem to perfonn well in 
our electrophoretic procedures (Figs, 1-3), in spite 
of the number of hydroxyl groups, 

A solution of coenzyme (NAD) was used to make 
the tissue extracts. We have found that the level of 
enzymatic activity is usually enhanced in extracts 
with NAD compared to water extracts. We have 
also found that much clearer electropherograms 
are obtained, with some enzymes, when coenzyme 
is also added to the starch and electrode buffers 
(Clayton et al. unpublished data). In the present 
work this further addition of coenzyme did not 
seem to be necessary* 

The results of the pK dctermmations (Table 1, 
Fig. 4) show that a set of amine buffers is now 
available with intervals of pK of about ^ unit from 
pH 6 to 8. The new or little-used compounds, 
N-(3-aminopropyl)-morphoUne, N-(3-aminopropyl)- 
diethanolaminc, and 1, 3-bis (diniethylamino)-2-pro- 
panol, have pK's that are temperature-dependent 
like many other amines (Bates 1961). We have meas- 
ured the first dissociation for these three compounds 
only at 25 C. These ionizations arc probably too 
alkaline to be of any particular interest as biological 
pH buffers. In the original description of bis-Tris 
(Lewis 1966), the pK at 25 C was reported to be 
6 , 46 ; the present value of 6 , 47 is in good agreement. 
The variation of pK with temperature for bis-Tris 
has apparently not previously been reported. The 
present results confirm the prediction of Lewis 
(I960 that the pK of bis-Tris would vary with 
temperature in a manner similar to other amines. 

Our data for the pK apparent of Tris may also 
be compared (Table 1) with pKbh determinations 
of Bates and Hetzer (1961). The pKbh values contain 
numerous corrections in comparison with the 
present results; however, it may be seen that the 
agreement with the present data is sufficient for all 
practical purposes related to the choice of a pH 
buffer. We have not investigated the effect of con- 
centration on the pK's of these amines because it 
has already been shown by Bates (1961 > 1964) that 
the pK*s of amines axe little affected by concentra- 
tion at near neutral pK of biological interest. 

In addition to the amines listed in Table 1, we 
have found triethanolamine and 2-amino-2-methyI- 
1, 3-propanediol to be satisfactory as pK buffers 
in electrophoresis QFiS- 2). The physical properties 
of these amines and many others have be^n re- 
ported by Bates (1961). 

The term **buffer value" was suggested by Van 
Slyke (1922) to describe the effectiveness otapK buffer 



in resisting pK change resulting from the addition of 
acid or base. Buffer value was defined quantitatively 
d B 

as -T-TT . the slope of the titration curve at any partic- 
dpH 

ular pK. In practice it is easier to use where 

the aB is a,macroscopic addition of base (or acid) 
and ApH is the macroscopic pH change. We have 
measured (Table 2) buffer values and conductivities 
for a number of amine-citrate buffer systems of the 
concentration normally used as the gel buffer in 
starch gel electrophoresis. The results show the 
superiority of bis-Tris as a pH buffer over the other 
£tmines. This is due mainly to the way in which 
these buffers are prepared, whereby the amine 
is added in quantity sufficient to titrate the citric 
acid, and thus the concentration of monofunctional 
amines like bis-Tris is considerably higher than that 
of . difunctional amines like N-(3-aminopropyl)- 
morphoiine. The reduced buffer capacity of some 
of the difunctional amine buffer systems does not 
seem to have had any deleterious effect on the iso- 
zyme resolution that actually is obtained in electro- 
phoresis (Figs. 1-3)* There were no important 
differences in the conductivity of the various buffer 
systems (Table 2). The general trend for lower 
conductivities at lower pU is convenient to a prac- 
tical electrophoretic procedure, since it is usually 
necessary to increase the voltage to compensate for 
decreased cationic character of proteins as the pU 
decreases, 

in summary, this investigation illustrates the 
good resolution of the multiple isozymes of some 
fish dehydrogenases that is produced in starch gel 
electrophoresis when the gel pK is controlled by 
amine-citrate buffer systems. These systems produce 
electrophoretic separations that may be interpreted 
directly in terms of the pK of the medium and are 
not mfluenced by the character of any particular 
buffer species. Three previously unused amines to- 
gether with Tris and bis-Tris provide a series of 
amine buffers with pK's at 0.5 pH unit intervals 
in the pH range 6.1^8.1. The observed differences 
in the buffering capacity of the electrophoresis 
buffers did not seem to affect the quality of the 
electropherograms. The ionization of all the amines 
tested was, as expected, maricedly temperature- 
dependent, and reproducible electropherograms are 
likely to depend upon adequate temperature control 
during both buffer preparation and electrophoresis. 
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